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Abstract 
Progressive loss of winding clamping pressure is a failure mode that reduces the short circuit 
withstand capability of power transformers. Short circuit faults exert strong electromagnetic 
forces on the transformer winding structure, which could deform and displace its conductors. 
Failure to maintain the structural integrity of the winding structure during short circuit faults 
often leads to a catastrophic transformer failure, which could cause a disastrous network failure. 
On the other hand, due to grid expansion both short circuit current magnitude and the frequency 
of fault occurrences have been increasing. Early identification of loose clamping conditions of 
field aged power transformers through non-invasive measurements is therefore, an attractive 
solution to overcome the above challenges. However, the accuracy of existing clamping 
pressure estimation techniques is low, and hence are rarely applied for clamping pressure 
detection of substation transformers. To estimate loose clamping conditions of substation 
transformers accurately, available knowledge on the changes in power transformer winding 
clamping pressure under different operating conditions is insufficient. 
To fulfil the above knowledge gap, in this thesis, a set of comprehensive laboratory 
investigations were conducted to measure the through-thickness compression behaviour of 
pressboard under various transformer-operating conditions. In addition, the influence of 
moisture, temperature and ageing dependency of pressboard mechanical properties on a static 
clamping system was investigated. It was found that through-thickness compressive stress-
strain behaviour of pressboard increases with increasing temperature, moisture content and 
ageing levels. Further, it was found that moisture absorption and ageing intensifies the thermal 
softening of pressboard. Moreover, it was found that clamping pressure applied on a pressboard 
stack through a static clamping system increases with increasing temperature and moisture 
absorption. On the other hand, ageing of pressboard has the inverse effect. 
In order to investigate the effect of moisture, temperature and ageing dependent pressboard 
mechanical properties on clamping pressure of a practical transformer winding, Finite Element 
Modelling (FEM) based simulations were conducted. Dynamic behaviour of the winding 
clamping pressure of a 100 kVA disc type test transformer under typical transformer operating 
conditions was simulated. A gasket model based material model which can be characterised 
using experimental compressive stress-strain data was proposed for simulating pressboard in 
FEM simulations. The pressboard material model, FEM simulation method and FE model of 
the test transformer winding was validated through laboratory experiments. FEM simulation 
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results revealed that temperature, moisture and ageing dependency of pressboard mechanical 
properties has a significant impact on transformer winding clamping pressure. It was further 
found that progressive loss of winding clamping pressure could be overshadowed by moisture 
ingress and temperature rise. Moreover, temperature dependency of winding clamping pressure 
was found to be ageing, moisture content and winding pre-stress level dependent, such 
behaviour has not been reported before. 
The applicability of vibro-acoustic condition monitoring techniques to detect loose clamping 
conditions was also investigated. Axial vibration characteristics of a disc type transformer 
winding were modelled using numerical methods. Experimental compressive stress-strain 
curves of pressboard were coupled with an axial vibration model of the transformer winding. 
Through the results of the above analysis, moisture, temperature, solid insulation ageing and 
winding pre-stress level dependency of the transformer axial vibration characteristics were 
investigated. Further, vibration spectrum of a three-phase transformer winding was measured 
under different temperature and winding clamping pressure levels. It was found that vibration 
characteristics of a transformer winding are sensitive not only to clamping pressure but also to 
pressboard condition. Finally, knowledge gained through laboratory investigations and 
numerical modelling was used to interpret the tank vibration signals captured from several field 
aged substation transformers. 
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Introduction 
 Overview 
The power transformer is one of the most critical and expensive pieces of equipment in the 
electric power system. An unexpected outage in a power transformer can cause a significant 
impact on the reliability of the electrical power system. Short-circuit fault is a major cause of 
transformer failure. Hence, the ability to withstand a short circuit fault is an essential 
characteristic of a power transformer. According to IEC 60076-5:2006, every power 
transformer needs to be short-circuit proof for given specified conditions [1, 2]. However, as 
per transformer failure statistics presented in Figure 1.1, mechanical defects caused by external 
short circuit faults still account for about 15% of transformer failures. Hence, assessing the 
short-circuit withstand capability of field aged power transformers is a topic with utmost 
importance.  
 
Figure 1.1 Power transformer failure statistics based on (a) fault location (b) failure mode and 
(c) cause of failure [3-5]. 
During operation the current carrying copper conductors of a transformer winding are exposed 
to a strong leakage magnetic field. Interaction between this magnetic flux and winding current 
exerts electromagnetic forces on winding conductors. During short circuit events, these 
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electromagnetic forces are substantial and could deform and displace winding conductors. In 
many occasions, such internal mechanical faults eventually develop into a catastrophic 
transformer failure such as rupture of the tank and blowing up of bushings etc [2, 6].  
Electromagnetic forces acting on winding conductors can be modelled with two main 
components, namely axial and radial components. The winding withstand capability against 
radial forces is typically achieved through conductor strengthening techniques such as epoxy 
bonded continuously transposed conductors (CTC) [2, 7]. On the other hand, transformer 
windings are manufactured as pre-stressed structures by applying a downward axial pressure 
to obtain the withstand capability against axial short circuit forces [8]. The winding clamping 
system that generates the clamping pressure should be capable of absorbing the mechanical 
impulses generated by axial short circuit forces. Hence, ideally the winding clamping pressure 
should remain unchanged throughout the transformer lifetime. 
With insulation ageing, power transformer winding clamping pressure gradually drops and 
eventually its short circuit withstand capability is decreased [9].  Hence, early identification of 
loose winding conditions is essential to prevent unscheduled transformer maintenance and 
unexpected power outages. Surprisingly, a condition monitoring technique that can be used to 
predict the level of winding clamping pressure of a transformer has not yet developed. 
According to existing literature, frequency response analysis (FRA) and vibro-acoustic 
condition monitoring are potential techniques to detect variations in winding clamping pressure 
[10-15]. However, information on the exact behaviour of winding clamping pressure under 
dynamic operating conditions of an energised power transformer, which requires the use of the 
above techniques on a substation transformer, is scarce. 
The majority of transformer windings are clamped with a static clamping system where the 
transformer winding is clamped between two steel beams namely top and bottom clamping 
beams. These clamping beams are connected by steel tie rods or flitch plates, which apply the 
clamping pressure on the windings [6, 16, 17]. Hence, winding structure is under compression 
while tie rods and flitch plates are under tension. Under steady state, both winding and tie rods 
are at rest with the same length at the point which their compression and tension characteristics 
intersect. The compression behaviour of the transformer winding assembly is determined by 
the compression behaviour of pressboard, which contributes to about 30% of the total winding 
height. Due to the fact that mechanical properties of steel and copper do not change 
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significantly under transformer operating conditions, any change in pressboard compressibility 
is the main cause for variations of winding clamping pressure. 
Pressboard is a cellulose-based solid insulation material, which provides not only electrical 
insulation strength but also structural strength to the power transformer windings [18, 19]. 
Being a cellulose-based natural polymer, mechanical properties of pressboard are highly 
sensitive to transformer operating parameters i.e. temperature, moisture content and ageing 
level of pressboard [20, 21]. Under transformer operating conditions, thermal expansion, 
hygroscopic swelling, thermal and hygroscopic softening of pressboard occurs. Even though, 
existing literature adumbrates that winding clamping pressure of a transformer is linked to 
moisture, temperature and ageing dependency of pressboard mechanical properties, they do not 
provide sufficient information to analyse the exact variations of winding clamping pressure 
under typical transformer operating conditions [8, 9]. Therefore, this thesis concentrates on 
comprehensive analysis of moisture, temperature and ageing dependency on clamping pressure 
and explores the potential use of vibration characteristics of power transformers for detecting 
changes in winding clamping pressure. This study is based on various laboratory investigations 
followed by finite element modelling (FEM) simulations and field measurements. 
 Scope of the thesis 
The primary goal of this thesis is to fill the knowledge gaps that will accelerate the development 
of a reliable condition monitoring technique to detect loose winding conditions of substation 
transformers.  To this end, the following objectives are addressed in this thesis. 
1. To quantify the effect of ageing, moisture content and temperature on through thickness 
compression behaviour of pressboard under typical operating conditions of a power 
transformer  
2. To identify the factors affecting the winding clamping pressure of a real power 
transformer through comprehensive laboratory based investigations and finite element 
simulations  
3. To propose a methodology that can simulate the effect of transformer operating 
conditions on the vibration characteristics of a disc type transformer winding  
4. To evaluate the suitability of vibro-acoustic techniques as a winding clamping pressure 
monitoring technique for field installed power transformers 
In order to achieve the above research objectives, the research methodology shown in Figure 
1.2 is followed.  
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Figure 1.2 Block diagram of research methodology. 
The research methodology is composed of four types of investigations and analysis namely, 
series of controlled laboratory experiments, FEM simulations, numerical modelling and field 
measurements. Through laboratory investigations, first through-thickness compressive stress-
strain characteristics of pressboard under different moisture, temperature and ageing levels 
were measured. Secondly, the influence of moisture, temperature and ageing dependency of 
pressboard mechanical properties on a static axial clamping system was investigated. Thirdly, 
tank vibration spectrums of a three-phase test transformer winding under different clamping 
pressures and temperature levels were measured. 
A 3D FE model of a 100 kVA disc type test transformer winding was developed. A gasket 
material model based material model was developed to simulate the pressboard parts in the 
winding structure. The pressboard material model was characterised using measured 
compressive stress-strain data to simulate the compressibility of pressboard parts under 
different moisture, temperature and ageing levels in FEM simulations. Using structural FEM 
based simulations, the dynamic nature of the winding clamping pressure of a 100 kVA disc 
type transformer winding under typical transformer operating conditions was investigated.  
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A spring-mass damper model based numerical model was developed to model the axial 
vibration characteristics of a disc type transformer winding. The numerical model was coupled 
with experimental stress-strain data of pressboard and FEM based simulation results. Then the 
moisture, temperature and ageing dependency of the axial vibration characteristics of the 100 
kVA disc type transformer winding was analysed. 
Finally, tank vibration spectrums of several substation transformers that represent sister units 
operating at similar loading levels were measured. Time domain vibration tank vibration data 
was converted into frequency domain for analysis purposes. The knowledge gained from 
laboratory investigations and FEM based simulations were utilised to interpret the vibration 
spectrums of the above mentioned substation transformers.  
 Thesis Outline 
This thesis consists of seven chapters.  
Chapter 1 presents the introduction to the research problem, and the scope of this thesis. 
Chapter 2 provides a detailed review on short circuit withstand capability of power 
transformers.   A detailed description of the power transformer winding clamping arrangements 
and related issues are also presented. The end of the chapter visits existing and novel condition 
monitoring techniques that can be utilised to detect changes in transformer winding clamping 
pressures.  
Chapter 3 reviews the mechanical properties of pressboard and their relationship with winding 
clamping pressure. This chapter also presents the impact of initial stabilising of pressboard on 
the lifespan of a transformer. Finally, material modelling techniques, which are being used for 
FEM modelling of pressboard are also reviewed in this chapter. 
Chapter 4 presents the results of laboratory experiments. The through-thickness compression 
behaviour of pressboard under 32 different conditions based on temperature, moisture content 
and ageing level of pressboard is discussed.  This chapter also presents an empirical model that 
can be used to estimate the through-thickness compressive stress-strain relationship of 
pressboard corresponding to given moisture temperature and ageing levels.  
Chapter 5 presents a detailed description of the finite element modelling based simulation 
method used to understand the moisture, temperature and ageing dependency of the clamping 
pressure of a disc type transformer winding.  First, a material model which can be used to 
simulate the through-thickness deformation characteristics of pressboard is proposed. 
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Secondly, information on the FE model of the test transformer is presented. Finally, the 
accuracy of the pressboard material model, FE model and the FE method is evaluated through 
a set of laboratory investigations. 
Chapter 6 presents the results of the FEM-based simulations formulated in Chapter 5.  By 
using FEM simulations, moisture, temperature and ageing dependency of winding clamping 
pressure generated by a static clamping system is comprehensively investigated. Finally, the 
FEM results are projected into several real-world scenarios to investigate the impact of 
fluctuations in winding clamping pressure on the structural health of a power transformer. 
Chapter 7 presents a comprehensive analysis conducted to investigate the usability of vibro-
acoustic condition monitoring techniques to detect structural defects in transformer winding 
structure. First, the axial vibration characteristics of a disc type test transformer winding are 
modelled as a spring-mass damper system. Above axial vibration model of the transformer 
winding is used to numerically calculate the frequency response functions (FRF) of the winding 
structure. Findings presented in Chapter 4 are coupled with the numerical analyses to study the 
impact of clamping pressure, moisture, temperature and ageing of pressboard on the FRFs. 
Secondly, tank vibration spectrums of a three-phase test transformer winding are measured to 
find the correlation between sensor location, winding temperature, clamping pressure and tank 
vibration spectrums.  Finally, results of numerical modelling, laboratory investigation and FEM 
results presented in Chapter 6 are used to interpret the tank vibration spectrums of four 
substation transformers. 
Chapter 8 presents the major conclusions of the work presented in this thesis. Furthermore, 
suggestions for future research are also presented. 
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Short circuit strength of power transformers 
 Introduction 
The ever increasing demand for reliable electricity supply has introduced additional stresses 
including higher short circuit levels on the electricity grid [22, 23]. As a result, devices such as 
aged transformers connected to such grids experience higher short circuit currents than they 
have been exposed to before. These short circuit currents exert large electromagnetic forces on 
the transformer internal structure. Therefore, short circuit withstand capability of power 
transformers has become a major concern of both transformer manufacturers and users. 
High electromagnetic forces acting on transformer winding conductors could lead to 
mechanical damage if a particular transformer does not have the required strength to withstand 
these strong forces [24].  Such an internal mechanical failure could eventually develop into a 
catastrophic transformer failure [6]. Rupture of the tank and blowing up of bushings are some 
examples of such disastrous failures [2]. Not only short circuit faults, but also other events such 
as out of phase synchronization of generator transformers may also cause similar physical 
damage to transformers if the winding structure is mechanically weak. 
Electromagnetic forces acting on winding conductors can be represented by two independent 
perpendicular components, namely axial and radial components. In most cases, manufacturers 
use the yield strength of the conductor material (copper) to obtain the radial withstand 
capability [2]. Some designers use epoxy bonded Continuously Transposed Conductors (CTC) 
to obtain more yield strength [7]. On the other hand, to work against axial short circuit forces, 
a special clamping mechanism is used to apply a downward axial force on the winding [8]. 
Ideally, this clamping pressure should be capable of absorbing mechanical impulses due to 
axial short circuit forces. However, with the insulation ageing, power transformer winding 
clamping pressure gradually drops making it more vulnerable to damage due to short circuit 
faults. Therefore, condition assessment of the power transformer winding clamping system is 
a topic of utmost importance and timely value. 
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Information on the exact behaviour of winding clamping pressure under typical operating 
conditions of a power transformer is still scarce. The dearth of such information has prevented 
the development of a reliable condition monitoring technique for early identification of loose 
clamping conditions. Hence, a better understanding of the exact behaviour of winding clamping 
pressure of an operating transformer is vital for ensuring the reliable operation of the power 
transformer. For this purpose, this chapter aims to discuss the theoretical background behind 
mechanical stresses in a transformer winding structure and the winding clamping system. A 
literature review on condition monitoring of transformer clamping structure is also presented 
in this chapter.  
 Short-circuit Mechanical Stresses and Related Failure Modes 
Among the failure modes a typical power transformer experiences during its lifetime, short-
circuit faults can be considered as one of the most destructive failure modes. During short-
circuit faults, stronger electromagnetic forces are generated by correspondingly greater leakage 
magnetic fields within and between the windings due to the higher winding through fault 
current. These electromagnetic forces will vary in strength depending on the level of through 
fault current. If the fault level exceeds the withstand capability of the transformer inherent by 
its design or its aged state, winding displacements may occur. Such displacement does not have 
to cause immediate transformer failure but can leave the windings in a weakened mechanical 
and electrical state making the transformer more prone to failure during the next through fault. 
Short-circuit current.  
The simple circuit shown in Figure 2.1 contains an alternating voltage source and an inductive 
load that can be used to study the fault current that flows through the power transformer during 
a short circuit fault. If the switch is closed at t=0, it simulates a short circuit fault in the circuit. 
Under such conditions, the current in the circuit can be expressed as in 2.1. 
U sin(ωt+θ)
R L
Switch
Z = R+jω L
 
Figure 2.1 Equivalent circuit for short circuit analysis. 
 ( / )( ) sin( ) sin( )| Z |
t
L RUi t t eω θ ϕ ϕ θ
− = + − + −  
  2.1 
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Here, θ  and ϕ  represent the switching angle in the voltage at the instant of short circuit and 
phase angle of the circuit impedance respectively. Z represents the sum of network and 
transformer impedance. During a short-circuit fault, a power transformer experiences a fault 
current with a steady state component at the fundamental frequency and a unidirectional 
exponentially decreasing component as illustrated in Figure 2.2. From the figure, it can be 
clearly seen that the fault current reaches its highest during the first peak. 
 
Figure 2.2  Fault current for a X/R =30o and θ  =0o. 
Current carrying copper conductors of a transformer winding are placed in a strong leakage 
electromagnetic field. The interaction between leakage flux density vector ( )B  and winding 
current density vector ( )J  generates electromagnetic forces (F) on the copper conductors as 
given by the Lorentz law, in 2.2. 
 2F IL B I= × ∝   2.2 
In 2.2, B is the leakage flux density vector, I is the winding current, and L is the winding length 
vector. According to 2.2, the electromagnetic forces generated in the winding structure during 
a short circuit fault are proportional to the square of the fault current. From 2.1 and 2.2, time 
varying electromagnetic force can be written as  
 
2
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1 1( ) 2 cos( ) cos(2 )
2 2
t t
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where, maxF is the maximum electromagnetic force; hence short circuit force varies as illustrated 
in Figure 2.3. From Figure 2.3, it can be clearly seen that the winding structure experiences the 
maximum mechanical stress during the first peak of the time varying electromagnetic force. 
Further, as per 2.3 the short circuit force (FSC) consists of, 
• Two unidirectional components -  a constant force (F1) and a force decreasing with 
time (F2)  
• Two alternating components - one with twice the fundamental frequency, the 
magnitude of which is decreasing with time (F3) and the other one with fundamental 
frequency, the magnitude of which is constant over time (F4).   
 
Figure 2.3 Time-dependency of electromagnetic forces caused by the short circuit current 
shown in Figure 2.2. 
The electromagnetic forces caused by the short circuit currents can cause structural damage to 
the transformer winding. However, it is necessary to understand the structural design of power 
transformer winding assemblies and the magnetic flux distribution for detailed analysis of such 
failures.  
 Structure of transformer core-winding assembly 
Transformers can be categorised by their core configurations into two groups namely shell type 
and core type. In a typical shell type transformer, which is illustrated in Figure 2.4(a), the flux 
return path is external to the winding. In the core type transformers, cylindrical windings are 
placed concentrically around the core limbs as illustrated in Figure 2.4(b).  
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(a) (b)  
Figure 2.4 Transformer types (a) shell type (b) core type [17]. 
The shell type design is primarily used for small transformers while almost all large power 
transformers are core type transformers. This research study is mainly focused on large power 
transformers and therefore core type transformers were used in all the analyses completed 
within the project.     
Two types of winding arrangements, namely helical and disc windings are used in core type 
power transformers. A helical winding consists of conductors wound along a screw line about 
its axial centre line as shown in Figure 2.5 (a). A disc type winding consists of coils in the 
shape of flat discs connected in series or parallel as illustrated in Figure 2.5 (b).  
Core
(a) (b)
 
Figure 2.5 (a) Helical winding [7] and (b) continuous disc type winding. 
Each layer of a helical winding consists of a small number of turns with cooling oil ducts in 
between the turns. They are mostly used in low voltage high capacity transformers having a 
basic insulation level (BIL) of 325 kV or lower. On the other hand, disc type windings have 
higher BILs, which make them suitable for use in higher voltage levels [7]. Further, another 
advantage of a disc type winding over helical winding is its greater mechanical stability. 
Therefore, disc type windings are commonly used in large power transformers; hence, this 
research project is mainly focused on disc type power transformers.     
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In a disc type transformer, winding discs are made of paper insulated spirally wound copper 
conductors. Depending on the current rating, single or multi strip conductors are used to create 
the winding conductors. Key spacers made of high-density pressboard are placed between each 
disc to obtain the required electrical separation between disks and to improve oil circulation 
through windings. As shown in Figure 2.6 all key spacers in each vertical spacer column are 
connected to a vertical insulation strip (rib).  
 
Figure 2.6 (a) Transformer winding assembly (b) Horizontal cross-sectional view. 
The inner winding of the winding assembly is wound on an insulation cylinder. This insulation 
cylinder provides not only the electrical insulation between the core and the winding but also 
the structural support to the inner winding. The outer winding is wound on the vertical spacers 
placed between inner and outer windings. This winding arrangement provides a firm structural 
support to the inner winding from both inner and outer surfaces. However, the outer winding 
is structurally supported only from its inner surface. The insulation parts - mainly the key 
spacers - contribute to about one-third of the total height. Hence, these spacers play an 
important role in providing structural stability of a disc type transformer winding [25]. 
 Electromagnetic forces 
Leakage magnetic flux distribution of a two-winding transformer with uniformly distributed 
ampere-turns along the windings, and with equal winding heights is shown in Figure 2.7. As 
elaborated in the figure, leakage magnetic field of such windings is mostly axial except at the 
top and bottom ends. Therefore, the radial component of the leakage flux in the middle section 
of the winding can be neglected. On the other hand, at the winding ends, due to the fringing of 
leakage flux, both radial and axial components of magnetic flux density (B) exist.  
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Figure 2.7 Leakage flux pattern and electromagnetic force in a transformer with two 
concentric windings. 
According to Fleming’s left-hand rule, direction of current, magnetic flux density and 
electromagnetic forces are perpendicular to each other. Therefore, as illustrated in Figure 2.7 
the middle part of the winding is subjected to a strong radial force (Fr) while the winding ends 
are subjected to both radial and axial forces (FTr, FBr, FTa and FBa).  
The strongest radial electromagnetic forces are experienced by the middle part of the 
transformer winding. Further, from the structural point of view, the maximum radial force is 
critical as it could radially deform the winding structure. Therefore, for the purpose of deriving 
an expression for the maximum radial electromagnetic force, by neglecting the fringing of the 
magnetic field at the ends of the winding, the peak value of the axial magnetic flux density (
_ maxaB ) can be written as follows [2, 6].  
 0
_ max
2
a
wdg
NIB
H
µ
=   2.4 
In 2.4, NI, Hwdg and 0µ are the r.m.s. ampere-turns of the winding, height of the transformer 
winding and permeability of the free space respectively. Further, the average axial magnetic 
flux density experienced by the whole winding is half of _ maxaB [6]. Therefore, using 2.2, the 
maximum radial electromagnetic force experienced by the winding can be written as in 2.5. 
Where, Dm is the mean diameter of the winding [6, 17]. 
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The above radial forces tend to expand the outer winding in the radial direction. In contrast, 
radial forces tend to compress the inner winding toward the core as the current in the inner 
winding is in the opposite direction compared to that in the outer winding. 
As discussed before, the axial forces on the winding structure are caused by the radial leakage 
magnetic flux. Hence, axial forces are strong in the winding ends and weak in the middle 
section. Using fundamental electromagnetic theory, the axial force acting on a winding 
segment can be written as,  
 axial rF IB dh=   2.6 
where, rB , I and dh are average radial electromagnetic flux density on the winding segment, 
current flowing through the winding segment and height of the winding segment respectively 
(see Figure 2.8).     
Assuming uniformly distributed ampere-turn in the winding, axialF can be written as, 
 .axial rF I B dh= ∫   2.7 
h
Br
h
Fat
Fab
dh
 
Figure 2.8 Radial Flux density (Br) and the shape of axial force (Faxial) for a symmetrical 
winding. 
Therefore, the total axial force on the winding is proportional to the area under the curve of the 
plot of the radial flux density against the winding height as illustrated in Figure 2.8 [2, 6, 26]. 
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As Br is symmetrical along the winding height, for a winding with uniformly distributed 
ampere-turns, forces in the upper half of the winding are balanced by the forces in the lower 
half. 
Further, axial forces tend to axially compress both inner and outer windings; hence generate 
compressive stresses on the key spacers. The arrangement of the key spacer located at a height 
of h in a disc type transformer winding is illustrated in Figure 2.9. The compressive stresses (
spacerσ ) on the key spacers at a height of h’ can be written as  
 '
wdgh
spacer rh
I B dh
nwb
σ = ∫   2.8 
where, n, w and b are the number of spacer columns, radial build of the winding and width of 
the spacer respectively. As per 2.7 due to the cumulative addition of the axial forces, key 
spacers at the centre of the winding experience the highest electromagnetic compressive 
stresses. 
Winding disc
Key 
Spacer
w
b
Faxial
Windings
hwdg
h'
 
Figure 2.9 Arrangement of key spacers in a disc type transformer winding. 
 Short Circuit Stress Analysis and Failure Modes 
Strong electromagnetic forces exerting on the transformer winding structure during short 
circuit faults generate excessive mechanical stresses that could deform and displace copper 
conductors [2, 6, 16]. Such mechanical stresses are also known to damage insulation parts such 
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as clamping rings and key spacers [6, 9, 16, 25, 27, 28]. These defects can be categorised based 
on the direction of the force (radial and axial) that causes the failure, as discussed further in the 
following sections.  
 Radial forces 
Radial circumferential stresses create compressive stresses on the inner winding conductors 
and tensile stresses on the outer winding conductors as illustrated in Figure 2.10. Therefore, 
during a short circuit fault, radial electromagnetic forces create different failure modes in inner 
and outer windings [2, 6, 29].  
Outer Winding Inner Winding
σ hoop_tensile 
σ hoop_compressive 
 
Figure 2.10 Direction of radial electromagnetic forces acting on the inner and outer windings.  
Tensile hoop stresses tend to stretch the outer windings. If the tensile hoop stresses exceed the 
yield strength of the conductor material, windings deform permanently. Excessive winding 
deformations damage conductor insulation and initiate electrical faults. Under severe 
conditions, outer winding conductors may even break. 
Compressive hoop stresses create two types of buckling failure modes, namely free buckling 
and forced buckling in inner windings. [2, 6, 30]. As the inner winding of a power transformer 
is wound over an insulation cylinder, the stiffness of the insulation cylinder is the main 
parameter that decides the buckling failure mode [2, 30]. Further details of the buckling failure 
modes are presented in the following sections. 
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a) Free buckling 
In general, stiffness of the insulation cylinder that supports the winding is lower than the 
stiffness of the winding strands. During short circuit faults, both the insulation cylinder and the 
winding strands tend to bend together as shown in Figure 2.11. When the compressive hoop 
stresses exceed the elastic limit of the conductor material, windings tend to permanently bend 
either inward or outward at one or more points along the winding circumference causing free 
buckling as illustrated in Figures 2.11 and 2.12[2]. As both the winding and the insulation 
cylinder deform together during free buckling, the wavelength of the deformations does not 
have a relationship with the span of the vertical spacers as shown in Figure 2.11. Therefore, by 
increasing the stiffness of the insulation cylinder and conductor strands the risk of free buckling 
can be reduced. 
Cylindrical Support
Conductor
Vertical spacers
Vertical spacer span  
Figure 2.11 Free Buckling.  
 
Figure 2.12 Free buckling of a common winding of an autotransformer with soft copper 
windings [2]. 
b) Forced buckling 
When an inner insulation cylinder which is stiffer than the winding is used, the collapse pattern 
shown in Figure 2.13 occurs. During this collapse pattern known as “forced buckling”, winding 
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conductors bend between the vertical supports as illustrated in Figures 2.13 and  2.14[2]. 
Therefore, length of the buckle is decided by the span of vertical spacers [2, 30]. Therefore, by 
increasing both stiffness of the conductors and the number of vertical spacer columns, the risk 
of forced buckling can be reduced. 
Vertical spacers
Conductor
 
Figure 2.13 Forced Buckling. 
 
Figure 2.14 Forced buckling of a 400 MVA, 400/230 kV disc type autotransformer winding 
[2]. 
 Axial forces 
The axial electromagnetic forces acting on a transformer winding generate axial compressive 
stresses with zero end thrust on the clamping structure. According to the existing literature, 
axial forces tend to cause four types of failure modes namely tilting, telescoping, conductor 
bending and axial collapse of end support, as discussed further in the following sections [2, 6].  
(a) Tilting 
Tilting is one of the most common failure modes caused by axial short-circuit forces in a 
transformer winding. Depending on the winding type, two tilting modes namely full-tilting and 
half-tilting can occur. Full tilting occurs in the disc type windings while half-tilting occurs in 
both helical and layer type windings. Both these tilting modes create a zig-zag pattern in the 
winding structure as illustrated in Figure 2.15. Full tilting is defined as tilting of the winding 
discs creating a zig-zag pattern with a uniform tilting angle as shown in Figure 2.15a. Half 
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tilting is defined as the tilting of the winding conductors in one side keeping the other end 
almost intact as illustrated in Figure 2.15(b) [6, 31]. 
(a) (b)
θ  
 
Figure 2.15 Zig-Zag pattern in the tilted windings (a) full-tilting (b) half-tilting. 
The critical compressive axial force (
crF ) for a disc winding and layer/helical windings can be 
calculated using 2.9 [32] 
 
( )
3 2
;
6 6
3 ;
2
spacer conductor
cr
conductor P
mbnE d n E dh disc type windings
h RF
E I GI helical and layer type windings
Rh
π
π
  
+     = 

+
  2.9 
where,  
m number of spacers 
b width of the spacers  
Espacer elasticity constant of spacer material  
Econductor Young’s modulus of conductor material  
G modulus of the rigidity of the conductor 
d radial thickness of the conductor  
h axial height of the conductor  
n number of turns of a disc 
R mean radius of the disc  
I  area moment of the conductor ( 3 3dh hd+ ) 
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IP  polar moment of inertia of the conductor ( 3dh ). 
According to 2.9, 
crF  of a disc type winding depends on the elasticity constant of both spacer 
material (pressboard) and copper. In contrast, 
crF of layer/helical windings depends only on the 
elasticity constant of copper. 
In layer type windings with CTCs, depending on the interstrand friction, two types of tilting 
failure modes namely cable-wise tilting and strand-wise tilting can occur [6, 33]. In the case of 
CTC windings with low inter-strand friction, strand-wise tilting is defined as the tilting of two 
adjacent strands against each other. This is illustrated in Figure 2.16 (b). In the case of higher 
inter-strand friction, tilting of two adjacent cables against each other occurs as illustrated in 
Figure 2.17(c). This type of tilting is called cable-wise tilting. In general, epoxy resins are used 
to strengthen the CTCs, this process dramatically increases inter-strand friction, which reduces 
the risk of strand-wise tilting [33]. Therefore, strand-wise tilting can typically only be seen in 
the CTCs without epoxy bonding. 
(a) (b) (c)
Strands
Cable
 
Figure 2.16 (a) CTC with 7 strands (b) Cable-wise tilting (c) Strand-wise tilting. 
c) Telescoping 
Telescoping is a failure mode which occurs in loosely wound transformer windings. Winding 
turns can become loose due to manufacturing defects, tensile hoop stresses and spiralling [2]. 
When a loosely wound transformer is subjected to axial electromagnetic forces, some 
conductors may pass over adjacent conductors as illustrated in Figure 2.17. This could lead to 
conductor insulation damage and dislocation of key spacers.  
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Figure 2.17 Schematic representation of telescoping. 
d) Conductor bending 
Bending of conductors between radial spacers is illustrated in Figure 2.18. This is another 
failure mode caused by axial electromagnetic forces. Bending occurs when the maximum 
bending stress in a conductor exceeds the limiting value corresponding to the conductor type. 
For soft copper conductors, the limiting stress is 1200 kg/cm2 [6]. The stress associated with 
the axial bending of conductors can be calculated by considering the winding as a simply 
supported beam using, 
 
2
22
ax
ax
F s y
n t w
σ =   2.10 
where, 
axF   - axial bending load  
s  - span between two radial spacers 
n  - number of conductors 
t  - conductor radial thickness 
w -  winding height. 
The span between two radial spacers can be written as, 
 m s
s
D
s w
N
π
= −   2.11 
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where, sN and sw  is the number of spacer columns and width of a radial spacer [6, 34]. As per 
2.10 and 2.11, bending stresses generated in a winding can be reduced by increasing both the 
number of spacer columns and the conductor cross-section area.   
Original Conductor Axially bent Conductor
Radial spacers
s
 
Figure 2.18 Axial bending of conductors. 
e) Axial collapse   
When a transformer winding with aged insulation parts (degraded mechanical strength) or 
unstable mechanical structure is subjected to severe axial short circuit forces, its winding 
structure could collapse as shown in Figure 2.19 [2]. Further, any of the failure modes related 
to axial short circuit faults discussed before could increase the risk of total structural collapse 
by making the winding structure unstable.  
 
Figure 2.19 Broken top pressure ring of a 102 MVA transformer during short circuit 
withstand test [2]. 
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 Obtaining Short Circuit Withstand Capability of a Transformer 
Winding 
As presented before, high current during a short-circuit fault could initiate many critical 
mechanical failure modes in a power transformer winding structure. Excessive winding 
deformations during such faults can often lead to insulation damage that can initiate electrical 
faults. Such internal electrical faults are hard to identify and therefore can lead to a total 
breakdown of the transformer. Therefore, designing and manufacturing of transformers which 
can withstand axial and radial short circuit forces is of utmost importance. 
 Radial forces 
 Tensile yield failure of outer winding and buckling of inner winding are the failure modes that 
could be caused by radial electromagnetic forces. These failure modes occur only if the stresses 
generated in the windings exceed the yield stress of the conductor material. Therefore, 
manufacturers define safety factors that enable them to optimise material usage and winding 
dimensions without compromising the withstand capability of the winding against the radial 
short circuit faults.  
According to [6], Von-Mises yield criteria is used when deciding the safety factors. First, 
normal and shear stresses generated at every point in the winding conductors are determined. 
Then, the maximum von-Mises stress ( max_ vmσ ) for the outer winding in cylindrical coordinates 
can be calculated using 2.12 [6].    
 ( ) ( ) ( )2 2 2 2 2 2max_ _ 1 6 6 62vm outer r er z r r zr zφ φ φ φσ σ σ σ σ σ σ τ τ τ= − + − + − + + +  
 2.12 
Where, rσ  , φσ , zσ  are the normal stress components and rφτ , zφτ , zrτ  are the shear stress 
components. Further, according to [6],  
max_ vmσ  for the inner winding under planar stress 
conditions can be calculated in Cartesian coordinates using 2.13. Here, zσ , xzτ  and yzτ have been 
neglected due to their small magnitudes with respect to other stress components. 
 ( )2 2 2 2max_ _ 1 62vm inner x y x y xyσ σ σ σ σ τ= − + + +   2.13 
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If the von-Mises equivalent stress at any point in the winding exceeds the yield stress of the 
winding material, the winding moves into the plastic zone, where permanent deformation 
occurs. Hence, the safety factor is defined as, 
 
_
yield
max vm
SF
σ
σ
=   2.14 
The safety factor given in 2.14 can be used for designing both inner and outer windings. 
However, in the case of the inner winding, compressive hoop stress is compared with the 
maximum von-Mises stress. In the case of the outer winding, the tensile hoop stress is 
compared with the maximum von-Mises stress.  
 
Figure 2.20 Proof stress of copper for different hardness levels [34]. 
Critical buckling stress of a transformer winding depends on the conductor material and its 
cross-sectional area [2, 6, 34]. Therefore, by selecting conductor materials with higher proof 
stress, short circuit withstand capability against radial short circuit faults can be obtained [2, 
6]. The term proof stress is defined as the stress that produces a non-proportional elongation 
(permeant strain) equal to 0.2% as illustrated in Figure 2.20. Further, as shown in the figure, 
copper with higher hardness levels have higher proof stresses. As per [2, 6, 34] transformer 
manufacturers use copper with proof stresses in the range 90 N/mm2 to 280 N/mm2 for 
manufacturing power transformer windings. Generally in transformer designing, 80% of the 
0.2% proof stress is used as the critical strength of winding conductors [34]. In certain 
applications, where more strength is required 85% of the 0.1% proof stress is used as the critical 
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strength of the conductors. Epoxy-bonded CTC is also known to have improved resistance 
against deformations due to radial electromagnetic forces [2, 6, 35]. 
Further, as per [2] some transformer manufacturers design their transformer windings 
completely ignoring any contribution to the winding stability from the supporting structure 
(especially inside support of an inner winding). Therefore, such windings are self-supporting; 
hence have additional withstand capability against radial short circuit forces. 
 Axial forces 
Axial electromagnetic forces during short circuit faults tend to deform and displace the winding 
conductors. According to Section 2.3.2, critical tilting and bending forces depend on strand 
dimensions, hardness grade of winding material, diameter of the winding and coverage of the 
radial spacer. Therefore, in large power transformer windings axial stability is improved by 
using epoxy bonded CTCs and a higher number of radial spacer columns.  
For transformers which have windings with equal heights, both HV and LV windings 
experience compressive stresses as shown in Figure 2.21(a). In such cases, insulation parts in 
the winding structure such as clamping rings, clamping blocks and radial spacers experience 
strong compressive stresses during short circuit faults. In reality, such compressive stresses can 
reach values up to 100 N/mm2 [19]. Failure to withstand such compressive stresses, mainly due 
to structural weaknesses in the insulation system, could lead to a total transformer failure. To 
prevent such failures, high-density pressboard that can withstand compressive stresses up to 
360 N/mm2 are used in transformer winding structures [17].  
In a typical transformer winding about one-third of the total height is made up of pressboard 
[25]. [36]. Due to high compressibility of pressboard, which is about 7% [36], a balanced 
winding could become axially unbalanced during a short circuit fault. As illustrated in Figure 
2.21 (b), unbalance in the winding reverse the direction of the short circuit forces.  Thus, under 
such conditions, transformer windings tend to become loose and axially unstable. Therefore, 
unlike the case of radial electromagnetic forces, adequate withstand capability against axial 
electromagnetic forces cannot be achieved by using winding materials with improved structural 
properties alone. 
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Figure 2.21 Direction of short circuit stresses in a two-winding transformer with different 
winding heights and alignments. 
To assist the transformer to survive during short circuit faults, an axial pressure called clamping 
pressure is applied on the winding structure. The required “clamping pressure” or “pre-stress 
level” of a particular transformer is decided based on the maximum allowable short circuit 
current through the transformer winding. During short circuit events, the winding clamping 
structure absorbs the axial mechanical impacts and prevents unwanted deformations and 
displacements of conductors; hence structural integrity of the transformer winding is 
maintained.   
 Clamping Systems 
In core-form power transformers, windings are wound coaxially around each core limb. To 
obtain close magnetic coupling between each winding, the windings are nested together to form 
a cylindrical phase assembly. As shown in Figure 2.22, top and bottom ends of the winding 
assembly are supported by the clamping rings (sometimes referred to as pressure rings). If the 
windings have different heights, solid insulation blocks are used in between the winding ends 
and clamping rings. Finally, with the aid of the supporting structure, the desired clamping 
pressure is applied on the winding assembly.  
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Figure 2.22 Cross-sectional view of a single-phase core-form transformer winding. 
Based on the application, two types of pressing arrangements namely rigid/static axial 
clamping system and elastic axial clamping system are used to apply the clamping pressure [2].  
Among them, static clamping system is the clamping mechanism used in almost all the power 
transformers. The elastic clamping system is used in special transformers that are designed for 
withstanding short circuit faults characterised by high frequency or high power levels [2]. As 
illustrated in Figure 2.22, a typical clamping structure is composed of clamping rings, 
supporting structure frame, and pressing arrangements. Ideally, a power transformer should be 
capable of providing a constant axial pressure on the winding throughout its active lifetime 
[16].  
 Elastic clamping system 
In elastic clamping systems, pre-compressed elastic bodies are used to apply the clamping force 
on transformer windings. Pre-compressed springs housed in an oil-filled steel cylinder are 
normally used as the pre-stressed elastic bodies that generate the axial clamping pressure [2, 
25]. As illustrated in Figure 2.23, these pressing devices are placed in between the top clamping 
ring and the upper clamping support.  
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Figure 2.23 An elastic clamping device [2]. 
Due to the loaded springs, elastic clamping systems can apply almost constant, pre-set 
clamping pressure on the coil assembly throughout the transformer lifetime. Hence, elastic 
clamping systems prevent loosening of windings during test, shipment, installation and over 
the course of operation irrespective of the changes in dimensions and mechanical properties of 
insulation parts. 
Solid insulation parts such as clamping rings, clamping blocks, and radial spacers in aged 
power transformers have weak mechanical strengths. Therefore, aged transformers cannot 
withstand the maximum axial stresses that a new transformer is capable of handling. As a result, 
elastic clamping systems tend to overstress the insulation parts in aged power transformers. 
Hence, aged transformer windings with an elastic clamping system have a higher tendency to 
fail even under normal operating conditions. 
 Static/Rigid clamping system 
In static clamping systems, rigid insulation blocks made of high-density pressboard are used 
as the pressing devices. Top and bottom clamping supports are joined by flitch plates (tie 
plates) that pass along the core as shown in Figure 2.22. The top and bottom ends of the flitch 
plates are solidly connected to the clamping supports. The solid clamping blocks are placed in 
between the clamping support and the top clamping ring as shown in Figure 2.24.  
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Figure 2.24 Arrangement of clamping blocks in a static clamping system [37]. 
Initially, transformer windings are manufactured over length. Therefore, during the clamping 
process, hydraulic jacks are used to compress the windings to the required height. Then the 
winding assemblies are placed in between the top and bottom clamping supports. Finally, 
hydraulic jacks are replaced by the solid insulation blocks, which will maintain the winding 
height and the pre-stress level throughout the transformer lifetime. In transformers with 
relatively low power ratings, instead of flitch plates, tie rods are used to connect the upper and 
lower clamping supports as shown in Figure 2.25.  
 
Figure 2.25 100 kVA disc type transformer winding with a static clamping system with tie 
rods. 
Compared to the elastic clamping system, the clamping pressure of a winding with a static 
clamping system decreases over time due to the absence of pressure regulating mechanisms [6, 
8, 37]. As a result, unlike elastic clamping systems, static clamping systems do not overstress 
the aged solid insulation parts. Hence, static clamping systems have become the choice of most 
transformer manufacturers. As almost all the power transformers in the power system are 
equipped with static clamping systems, this research project focuses on investigating the 
possible variations in clamping pressure generated by static clamping systems throughout the 
service life of a power transformer.  
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 Operation of a Static Clamping System 
To understand the operation of the static clamping system consider the simplest static clamping 
arrangement i.e. transformer winding clamped using tie rods. In such an arrangement, the initial 
clamping pressure is applied by tightening the tie rods. The variation of stresses against strain 
of the winding structure and tie rods during the clamping process is illustrated in Figure 2.26 
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Figure 2.26 Behaviour of compression of a transformer winding and tension of tie rods 
during initial clamping and high current fault. 
The free lengths of the tie rods and the winding assembly are itrh  and ich  respectively (
itr ich h< ). During this initial clamping process, windings and tie rods are subjected to 
compressive and tensile forces respectively. Therefore, during this process, winding height is 
reduced by ch∆  and the length of the tie rods is increased by th∆ . Under compressive stresses, 
solid insulation parts in the winding structure dominate the stress-strain behaviour of the 
winding assembly. Further, stress-strain behaviour of tie rods is linear and much steeper 
compared to that of the winding assembly. At the end of the initial clamping process, both 
windings and tie rods achieve the same length at the point which their compression and tension 
characteristics intersect ( 0P ). 
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If a winding structure experiences an additional compressive stress, its height is reduced by
1SCh∆ . Due to this height reduction, compression stress on the winding structure is changed 
from 0P to 1CP  . Similarly, tension in the tie rods is reduced from 0P  to  1RP  . However, due to 
the steep stress-strain characteristics of tie rods, the reduction in tie rod tension is significantly 
higher than the increase of compressive stresses on the winding.  
 1 0 1 0R CP P P P− > −   2.15 
Similarly, under mechanical forces that tend to increase the winding height by 2S Ch∆ , the 
decrease in winding compression ( 2 0CP P− ) is significantly lower than the increase of tie rod 
tension ( 2 0RP P− ).  Therefore, one can expect that a change in clamping pressure during a high 
current fault is relatively small and the impacts of such a force are mainly absorbed by the tie 
rods by changing their tension significantly. 
 Progressive Loss of Winding Clamping Pressure 
One of the main drawbacks of static clamping systems is the progressive loss of winding 
clamping pressure with the ageing of the clamping system. Degradation of mechanical 
properties of solid insulation materials (paper and pressboard) and the shrinkage of winding 
height after a compressive mechanical impact are the main causes of progressive loss of 
winding clamping pressure [9, 25, 37]. Variations of winding clamping pressure with softening 
of pressboard and shrinkage of winding height are discussed further in the following sections. 
 Softening of pressboard 
The axial compressibility of the pressboard increases with softening and therefore, overall 
stress strain relationship of the winding structure varies as illustrated by curves C0, C1 and C2 
in Figure 2.27 (a). In contrast, throughout the transformer lifetime, the stress-strain behaviour 
of steel tie rods remains unchanged.  Therefore, with the softening of pressboard parts, the 
initial clamping pressure ( 0P ) decreases along the stress-strain curve of the tie rod (to 1P  in C1 
and 2P  in C2 where, 0 1 2P P P> > ). As per existing literature, compressibility of pressboard parts 
in a transformer winding structure increases with ageing. As a result, the overall axial 
compressibility of the winding structure gradually increases when the transformer is in service. 
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Therefore, as per Figure 2.27 (a), pressboard ageing is a process which contributes to the 
progressive loss of winding clamping pressure.  
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Figure 2.27 Variation of winding clamping pressure with (a) softening of solid insulation and 
(b) reduction of winding height. 
 Shrinkage of winding height 
A process that reduces the winding height permanently by 1h∆  and 1 2h h∆ + ∆   while keeping 
the stress-strain behaviour of steel tie rods unchanged is illustrated in Figure 2.27 (b). In the 
figure, curves 3C  and 4C  represent the compressibility of the winding structure after the height 
reductions 1h∆  and 1 2h h∆ + ∆  respectively. According to the figure, when the winding height 
is reduced by 1h∆  and 1 2h h∆ + ∆  winding clamping pressure becomes 3P  and 4P  where, 
0 3 4P P P> > . Pressboard is a material which displays residual strain behaviour when subjected 
to through-thickness compressive load cycles [21, 38]. Power transformer windings experience 
strong, cyclic, axial compressive load cycles during short-circuit faults. Hence, after each 
compressive load cycle, the height of the transformer windings tends to decrease. Therefore, 
as per Figure 2.27 (b), a reduction of winding height after short-circuit faults leads to a 
reduction of its clamping pressure.  
 Condition monitoring of winding clamping systems 
As discussed in Section 2.3.2, winding looseness is the root cause of many critical transformer 
failure modes. Therefore, to prevent unexpected power outages and unscheduled transformer 
maintenance, early identification of loose clamping conditions is vital.  
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Frequency Response Analysis (FRA) is the most common condition monitoring technique that 
is used to detect mechanical defects in a power transformer winding.  It was first proposed by 
Dick and Ervan in 1978 as a sensitive technique to detect winding displacements and 
deformations in power transformers [39].  Since then, the FRA test method has been developed 
to detect defects in transformer windings such as tilting and bending of conductors, radial and 
axial displacements, defects in the core and variations in ground impedance [40-45]. During a 
FRA test, transfer function of the transformer winding over a frequency range (typically up to 
1 MHz) is measured. When interpreting the FRA test results, an equivalent circuit of a power 
transformer winding composed of resistors, capacitors and inductors is used [46]. The 
mechanical defects in the winding structure can be linked to the electrical components in the 
equivalent circuit [43, 46, 47]. In turn, the variations in the measured frequency response 
functions can be correlated with the mechanical defects [40, 42, 45, 48]. 
Among existing literature, [10] and [11] have investigated the possibility of using FRA 
technique to detect the loose clamping conditions of a transformer winding. According to the 
findings of [10], loose clamping condition does not affect the resonance and anti-resonance 
frequencies but reduces the magnitude of minimum and maximum peaks in the mid and high-
frequency ranges. However, in [11], authors have observed a shift in resonance and anti-
resonance frequencies in the FRA curve with changing winding clamping pressure. In [49], 
based on results of a field investigation it has been concluded that conventional interpretation 
methods of FRA results leave uncertainties in identifying movements in the windings and loose 
clamping conditions. Thus explaining the contradicting conclusions of [10] and [11]. 
Many researchers have investigated the applicability of vibro-acoustic techniques in detecting 
loose clamping conditions in power transformers. The vibro-acoustic method is an online 
condition monitoring technique that requires only low cost equipment. This is one of the main 
advantages of vibro-acoustic methods over FRA. Among existing literature, [50] and [51] are 
two of the very first publications that have discussed the influence of clamping systems and 
solid insulation materials on the vibration characteristics of power transformer windings. In 
[12] and [13], authors have developed a mathematical model to interpret the on-load 
mechanical vibration characteristics of a power transformer winding captured from the tank 
surface. Further, they have proposed a method to detect loose clamping conditions by 
comparing the modelled and measured vibrations. In [14], a method to separate core vibrations 
and winding vibrations was proposed. This method requires the tank vibration signals of the 
transformer captured under full load and no-load conditions. Therefore, the core and winding 
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vibration separation method proposed in [14] may not be practical in a substation environment. 
As a solution, [15] has proposed a probabilistic approach to separate core and winding vibration 
signals from tank vibration signals. With the aid of field measurements, authors have shown 
that the blind source separation method can be successfully utilised for separation of source 
vibrations from tank vibration signals. In [52], information on a piece of commercial vibro-
acoustic test equipment developed to detect loose winding conditions is presented. However, 
evidence on the use of this equipment in the field cannot be found.  
According to existing literature, neither FRA nor a vibro-acoustic based condition monitoring 
technique have been developed to estimate loose winding conditions of power transformers 
accurately. A lack of adequate information on the exact behaviour of winding clamping 
pressure under dynamic operating conditions of a loaded power transformer is the main reason 
behind the absence of a reliable clamping pressure estimation technique. Further, as per 
existing literature, power transformer winding clamping pressure is highly sensitive to changes 
in moisture, temperature and ageing levels of solid insulation parts in a power transformer [6, 
8, 9]. In [9], the results of a preliminary investigation conducted to study the moisture and 
temperature ageing dependency of winding clamping pressure is presented. Reference [8] 
presents the results of an experimental investigation conducted to understand the influence of 
initial drying and oil impregnation on transformer winding clamping pressure. The results of 
the above investigations reveal that the winding clamping pressure of an energized transformer 
fluctuates significantly. However, none of the published literature provides adequate 
information required to improve the accuracy of existing clamping pressure estimation 
techniques. Therefore, to develop a reliable clamping pressure estimation technique, a clear 
understanding of the moisture, temperature and ageing dependency of winding clamping 
pressure is essential.  
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Pressboard - mechanical properties and 
winding clamping pressure 
 Introduction 
Pressboard is a cellulose based insulation material used in a power transformer winding 
structure [18, 19]. It provides not only electrical insulation strength but also the structural 
strength to a power transformer winding. While in service, pressboard parts experience 
electrical, mechanical and thermal stresses, which have short term and long-term effects on 
their material properties. Deterioration of mechanical, electrical and chemical properties and 
non-recoverable dimensional changes of pressboard parts are examples of defects in pressboard 
caused by operational stresses [19, 21, 53-55]. On top of those permanent defects, pressboard 
is also subjected to cyclic variations such as thermal expansion, hygroscopic swelling, thermal 
and hygroscopic softening under transformer operating conditions [20, 21].  
Any significant physical changes of pressboard affect the correct operation and expected 
lifetime of a power transformer [19]. Hence, a clear understanding of phenomena that could 
alter the physical properties of pressboard i.e. moisture ingress, temperature changes and 
ageing is essential. The electrical and chemical properties and degradation behaviour of 
pressboard has been extensively investigated [54, 56]. However, information on the mechanical 
properties of pressboards, especially deformation characteristics when subjected to out-of-
plane compressive loads under typical transformer operating conditions has not been well 
analysed in the existing literature.  
As discussed in Chapter 2, an axial pressure i.e. winding clamping pressure is applied on the 
transformer winding structure to obtain the withstand capability against axial short circuit 
forces that could displace and deform the winding parts. Further, changes in the mechanical 
properties and geometry of pressboard parts have a significant influence on transformer 
winding clamping pressure [9, 37]. However, lack of quantitative understanding of the 
individual and combined effect of moisture, temperature and ageing on the mechanical 
properties of pressboard has prevented the development of a reliable technique to detect loose 
clamping conditions of field installed power transformers. Therefore, to improve the accuracy 
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of existing clamping pressure estimation techniques, adequate information on the relationship 
between operating conditions of a power transformer and pressboard mechanical properties is 
essential. Hence, this chapter discusses mechanical properties of pressboard and their 
relationship with the winding clamping pressure. Further, material modelling techniques which 
are being used for FEM modelling of pressboard are also presented in this chapter.  
 Summary 
Elevated winding currents during short circuit and other high current faults exert strong 
electromagnetic forces on the conductors of a transformer winding structure. Radial 
electromagnetic forces cause buckling of both inner and outer windings. Failure modes such as 
axial bending of conductors, tilting, telescoping and collapse of the winding structure are 
caused by the axial electromagnetic forces.  
To obtain withstand capability against radial electromagnetic forces, manufacturers use CTCs 
and strengthened conductor materials. However, to obtain short circuit withstand capability 
against axial electromagnetic forces, clamping pressure is applied to the winding structure. 
With the ageing of clamping structure, winding clamping pressure gradually decreases 
reducing the short circuit withstand capability of power transformer windings. Therefore, early 
identification of loose clamping conditions of a power transformer is extremely important to 
prevent unplanned power outages caused by unforeseen transformer failures. 
Based on the existing literature, results of both FRA and vibro-acoustic techniques are sensitive 
to changes in winding clamping pressure. However, none of these techniques have been 
developed to accurately estimate winding clamping pressure. This is mainly because none of 
the existing methods that have been proposed to detect loose clamping conditions have 
considered the effect of moisture, temperature and ageing dependency on winding clamping 
pressure. Further, the adequate information on the moisture, temperature and ageing 
dependency of winding clamping pressure is scarce. Hence, to improve the accuracy of existing 
clamping pressure estimation techniques, a comprehensive investigation of the dynamic 
behaviour of the winding clamping system is required.  
To this end, a clear understanding of the dynamic behaviour of pressboard under typical 
transformer operating conditions is required. A detailed review of the mechanical properties of 
pressboard is presented in Chapter 3. 
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 Development of Pressboard 
An abundance of raw materials i.e. wood from natural renewable resources, has made cellulose 
insulation the preferred choice for power transformer applications [18]. However, virgin 
cellulose does not have the best electrical, chemical and mechanical properties that are required 
for transformer applications. Therefore, cellulose is transformed into paper and pressboard, 
which have electrical, chemical and mechanical properties that are suitable for power 
transformer applications [19].  
In the early part of the 20th century, asbestos and shellac impregnated papers were used as 
transformer insulation [19]. However, with the tremendous increase of demand for electricity, 
thermal requirements of power transformers had to be increased. As a result, mineral oil was 
introduced as a coolant. Also, the insulation was no longer suitable for the increased electrical, 
thermal and mechanical requirements of power transformers. To overcome this issue, from 
around 1912 the Haefely company in Basel, Switzerland developed a phenol-formaldehyde 
impregnated Kraft paper as an electrical insulation material [19]. In the late 1920s, Weidmann 
in Switzerland developed transformerboard (pressboard) from Kraft pulp.  This form of 
cellulose was easy to fabricate and was ideal for high-stressed areas in power transformers [18, 
19].  
 Manufacturing process of high density pressboard 
Electrical grade pressboard is mainly manufactured using an unbleached Kraft pulping process 
of wood pulp extracted from soft wood trees. Wood is a natural composite made up of cellulose 
[18, 19, 57]. In general, manufacturers maintain a pressboard composition with a higher 
percentage of softwood and a low percentage of hard wood.  Compared to hardwood, softwood 
is coarser and has lengthy cellulose fibres. Both wood types are composed of cellulose, 
hemicellulose and lignin. Percentage wise, softwood contains 40-55% of cellulose, 25-40% of 
hemicellulose and 14-35% of lignin [18]. However, to improve the mechanical strength and 
thermal stability, hemicellulose and lignin content in pressboard needs to be minimal [18].  
According to [19], the pressboard manufacturing process begins with virgin sulphate cellulose 
sheets supplied to the pressboard factory. The cellulose is then dissolved in water and cellulose 
fibres are crushed and refined to increase the exposed surface area. The fibres dissolved in 
water are subjected to further cleaning. The cellulose water mixture is then routed to a rotating 
cylindrical screen. During this process, water flows through the screen leaving cellulose fibres 
on the cylinder surface forming a paper layer. The thickness of the individual paper layer is 
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approximately 30μm. Then the wet sheets (with about 70% water) are dried and compressed at 
the same time between two heated plates.  Hot pressing makes pressboard stronger. The 
pressboard manufactured using the above method are found to have the capability of 
maintaining their shape even after decades of operating in hot oil. 
 Mechanical Properties of Pressboard 
As discussed in Chapter 2, the withstand capability of a transformer winding against axial 
short-circuit forces is mainly decided by the mechanical strength of pressboard parts such as 
key spacers, clamping rings and supporting blocks. Further, the strength of the inner insulation 
cylinders on which the inner winding is wound and the strength of the vertical supports have a 
direct impact on the radial short circuit withstand capability. Therefore, mechanical properties 
of pressboard play an important role in the reliable operation of power transformers. 
 Chemical and physical structure 
Cellulose is a linear homopolymer of repeating Cellobiose (D- anhydroglucose or AGU) units 
linked with C1-C4 glycosidic oxygen linkages as illustrated in Figure 3.1. Cellulose structure 
is composed of two types of intramolecular hydrogen bonds (O3-H--O5 and O2-H--O6) and 
one intermolecular hydrogen bond (O6-H--O3) [58]. These strong hydrogen bonds provide the 
mechanical strength of cellulose based solid insulation materials such as paper and pressboard 
[59, 60]. Physically, cellulose has a semi-crystalline structure, which has both highly crystalline 
regions and amorphous regions as shown in Figure 3.2 [55, 61, 62]. The typical crystallinity 
index of cellulose is about 50%-70% [63]. Closely packed crystalline regions have higher 
mechanical strength of cellulosic material compared to disordered amorphous regions [54]. 
Therefore, any process which breaks the intermolecular hydrogen bonds or convert crystalline 
regions into amorphous regions (decrease crystallinity index) will decrease the mechanical 
strength of paper and pressboard. 
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Figure 3.1 Chemical structure of cellulose. 
Crystalline Regions
Amorphous Regions Cellulose polymer chains  
Figure 3.2 Physical structure of cellulose. 
The average number of glucose rings in a cellulose polymer chain is called the degree of 
polymerization (DP). Thermal ageing is the main factor which decreases the DP value of 
cellulose based solid insulation materials. In other words, cellulose polymer chains become 
shorter due to the breakage of intermolecular hydrogen bonds with thermal ageing. Therefore, 
the mechanical strength of paper and pressboard decreases with decreasing DP value [54]. 
Further, it has been found that moisture and temperature are another two parameters that 
influence the strength of intermolecular hydrogen bonds in cellulosic solid insulation materials. 
When water molecules are migrated into the cellulose structure, they break cellulose-cellulose 
hydrogen bonds and make new water-cellulose hydrogen bonds [64, 65]. On the other hand, 
when thermal energy is absorbed, mobility of polymer molecules increases due to the 
weakening of hydrogen bonds [20, 66]. Therefore, moisture, temperature and ageing are the 
main parameters that can influence the mechanical properties of pressboard parts in the winding 
assembly of an operating transformer. A detailed description of the influence of these three 
parameters on the mechanical properties in relation to winding clamping pressure is presented 
in Chapter 4. 
Fibre orientation is another parameter that influences the mechanical properties of pressboard. 
During the pressboard manufacturing process, fibres tend to align themselves in the operating 
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direction of the paper manufacturing apparatus i.e. machine direction (MD). Therefore, less 
fibres are aligned along the direction perpendicular to the machine direction i.e. cross machine 
direction (CMD), compared to MD [19]. Further, there are very few or no fibres along the 
thickness (through-thickness or out-of-plane - ZD) direction. Due to a vast contrast between 
the number of fibres in MD, CMD and ZD directions, pressboard is an extremely anisotropic 
material [67, 68]. For example, MD is about 1 to 5 times stiffer than CMD and about 100 times 
stiffer than ZD [69]. Further, as pressboard parts in transformer windings i.e. clamping rings 
and spacers experience strong through thickness compressive stresses (in ZD), a clear 
understanding of the compressibility of pressboard in ZD is essential. 
Pressboard consists of many layers of very thin paper sheets compressed together. The 
orientation of cellulose fibres is parallel to the surface of the paper sheets. As a result, 
pressboard structure has pores of different sizes in between the paper layers [55, 67]. When 
compressed along the through-thickness direction, the pores structure of pressboard collapses 
causing material densification [55, 70]. Therefore, densification due to compaction of pores is 
a factor that decides the through-thickness compressive stress-strain behaviour of pressboard. 
 Tensile strength and elongation 
Typical tensile strength and elongation values of dry, mineral oil impregnated pressboard are 
listed in Table 3.1. From the data it can clearly be seen that tensile strength of pressboard in 
MD is higher than that along CMD and the elongation value has the opposite trend.  This 
anisotropic nature is caused by the orientation of cellulose polymer chains in pressboard. 
Further, tensile strength of pressboard is also a function of density and the number of hydrogen 
bonds per unit volume [19, 60]. Therefore, they are sensitive to ageing of pressboard, 
temperature and moisture content [19, 54, 71]. In general, pressboard parts in a transformer 
rarely experience pure tensile loads. Hence, tensile strength and elongation are primarily used 
as a means of measuring the quality of pressboard [19, 54, 72]. 
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Table 3.1 Tensile strength and elongation of dry, oil impregnated pressboard [19] 
Density of 
 
Thickness Direction Tensile strength (MPa) Elongation (%) 
Density 1.2 
g/cm3  
3 mm MD 88 2.5 
CMD 55 2.5 
5 mm MD 103 6.0 
CMD 76 6.7 
Density 1.25 
g/cm3  
3 mm MD 111 2.9 
CMD 98 3.2 
5 mm MD 121 4.4 
CMD 103 4.4 
MD - Machine direction                             CMD - Cross machine direction 
 Bending strength 
In contrast to tensile loads, bending loads are common in pressboard parts in a transformer 
winding structure. Specifically, clamping rings experience strong bending loads during short 
circuit faults [17, 19]. Therefore, bending strength of pressboard is an important design 
parameter in the case of clamping rings. Typical bending strength values of high density 
pressboard are listed in Table 3.2.  The difference between bending strengths in MD and CMD 
reveals that the orientation of cellulose fibre has a significant impact on the bending strength 
of pressboard as well. Further, the typical bending stresses that transformer clamping rings 
would experience during high current faults are in the range 100 – 200 MPa [17, 19]. However, 
the bending strength of the high-density pressboards listed in Table 3.2 are far below the 
bending stresses experienced by the clamping rings. Hence, high density pressboard sheets 
laminated with an oil resistant resin under high pressure are usually used to manufacture 
clamping rings with desirable bending stresses [19, 73].  
Table 3.2 Bending strength of dry, oil impregnated high density pressboard (density – 1.25 
g/cm3) [19] 
Thickness Direction Bending strength (MPa) 
1 mm 
MD 59 
CMD 44 
3 mm 
MD 73 
CMD 57 
MD - Machine direction                             CMD - Cross machine direction 
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 Compression behaviour 
As discussed in Chapter 2, the ability of the pressboard parts to withstand the destructive 
through thickness (ZD) compressive loads is one of the main parameters that decides the axial 
stability of the winding assembly during short circuit faults. Under normal operating conditions 
transformer winding structure is under a static pressure (clamping pressure).  During high 
current faults strong dynamic compressive forces are exerted on pressboard parts. Therefore, 
high density pressboard should have the capability of maintaining the structural integrity of the 
winding assembly under both static and dynamic compressive loading conditions. 
(a) Dynamic compressive loads 
During short circuit forces, transformer winding structures experience heavy cyclic 
compressive loads [2, 19]. Through-thickness compressive stress strain behaviour of 
pressboard under such compressive loads is shown in Figure 3.3. From the figure, it can be 
seen that the stress-strain behaviour of pressboard under dynamic compressive loads is highly 
non-linear with two distinguishable regions (marked as “a” and “b” in Figure 3.3) [70, 74, 75].  
The first region marked as “a” is a plateau caused by the non-recoverable collapse of the weak 
porous structure. In this region, a large compressive strain is visible even for a small stress 
increase. The second region (“b”) is a steep increase in stress against strain due to the 
compaction of the fibre – pore structure. Compared to region “a”, region “b” is relatively easier 
to recover as cellulose layers are already tightly packed and the thickness reduction is relatively 
small even for a significant increase in compressive stress. 
 
Figure 3.3 Through-thickness compressive stress-strain characteristic of pressboard under 
load cycle of 0 10 MPa  0.5 MPa. 
Another noticeable feature of the compressive stress-strain curve shown in Figure 3.3 is the 
non-recoverable strain after the load cycle. As a result of that, the thickness of pressboard parts 
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decreases after a dynamic compressive load cycle. Further, as discussed in section 2.6 (b), the 
thickness reduction of pressboard parts contributes to the progressive loss of winding clamping 
pressure.     
(b) Static compressive loads 
Throughout the lifetime of a power transformer, its winding structure is kept under a static 
compressive load generated by its clamping system. As discussed before, the weak porous 
structure of pressboard collapses when subjected to through-thickness compressive loads. 
Thus, under static compression loads, pressboard shows stress relaxation behaviour as shown 
in Figure 3.4. Hence, when pressboard parts in a transformer winding exhibit stress relaxation, 
winding clamping pressure gradually drops decreasing its short-circuit withstand capability.  
 
Figure 3.4 Variation of clamping force on a pressboard sample clamped in a rigid clamping 
system with time. 
 Initial Processing of a Transformer Winding Assembly 
As discussed in Section 3.3.4, virgin pressboard under both static and dynamic pressure applied 
along the ZD can have non-favourable behaviour for power transformer applications. The root 
cause behind both residual strain under cyclic loading (in Figure 3.3) and stress-relaxation 
behaviour under static pressure (in Figure 3.4) is the collapse of the weak porous structure of 
pressboard. Therefore, in the transformer manufacturing process heavy compressive forces are 
applied during the initial clamping of transformer windings. This practice helps to remove the 
plasticity of pressboard parts [19]. Hereinafter, this process will be called stabilizing of 
pressboard. 
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 Preliminary treatment of the winding 
The process given in Figure 3.5 explains the preliminary treatment criteria of a transformer 
winding assembly. This includes sizing, stabilizing, assembly, vapour phase drying, clamping, 
final drying and oil impregnation. The first step of the initial treatment process is sizing of the 
individually wound coils, a pressure of about 1.5 times the final clamping pressure is applied 
on the coils. The sizing pressure is generated using compressed springs or hydraulic jacks 
which can maintain a constant clamping pressure irrespective of the height reduction of the 
winding throughout the sizing process. The heavy compressive stresses acting on the 
pressboard parts (i.e. spacers and clamping rings) destroy the pore structure of pressboard. As 
a result, pressboard becomes more elastic, greatly reducing the winding loosening due to cold 
flow behaviour. Therefore, proper stabilizing is essential for manufacturing of power 
transformers with a long service life [8, 19].  
1)  Sizing/ Stabilizing the coil
- Air and vacuum drying
-Under constant pressure
- Psizing > Passembly
2)  Assembly
- Assembling of separately wound,    
  sized coils and core  
3)  Vapor phase drying
- Under pressure
4) Clamping  
- Final connections 
and clamping 
(Passembly)
5)  Final drying and oil impregnation
- Vacuum drying (for several 
days)
- Oil impregnation under 
vacuum  
Figure 3.5 Preliminary treatment process of transformer windings. 
After the sizing process the coils are assembled in the core structure. The final clamping 
pressure is applied on the sized winding assembly followed by a vapour phase drying under 
pressure. Finally, the winding assembly is subjected to vacuum drying and oil impregnation. 
In general, the moisture content of the winding assembly at this stage is less than 0.5% [76].  
 Structural Simulation of High Density Pressboard  
Pressboard is a material with complex mechanical properties. Transformer winding clamping 
pressure has a strong correlation with the mechanical properties of pressboard [6, 8, 9, 19]. 
Moreover, the mechanical properties of pressboard are highly moisture, temperature and ageing 
dependent [20, 54, 59, 72, 74, 77, 78]. Existing literature outlines that winding clamping 
pressure of a transformer is linked to moisture, temperature and ageing dependency of 
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pressboard mechanical properties. However, the exact variations in winding clamping pressure 
under typical operating conditions of a transformer are yet to be investigated.  
Power transformer winding is a complex mechanical structure subjected to highly dynamic 
operating conditions. Use of laboratory experiments to accurately simulate the dynamic nature 
of winding clamping pressure of a transformer winding under typical transformer operating 
conditions is extremely challenging. Many researchers have shown that, Finite element 
modelling (FEM) based simulation techniques can be used to simulate the dynamic transformer 
operating conditions accurately [79-85]. Hence, FEM can be utilised to understand the dynamic 
behaviour of winding clamping pressure under changing operating conditions of power 
transformers. For this purpose, a material model that can capture the moisture, temperature and 
ageing dependent nonlinear mechanical properties of pressboard is required. Many pressboard 
material models that can capture the complex mechanical properties of pressboard are proposed 
in the existing literature [86-90]. A review of the available material models and related work 
are presented in the next section.  
 Review of pressboard modelling 
Many constitutive material models, which can capture various mechanical aspects of cellulose 
based materials are proposed in existing literature. Among them, models proposed in [86] and 
[87] elaborate the moisture dependent creep behaviour of pressboard materials under tensile 
loads. Another model proposed in [88] describes the moisture dependent viscoelasticity of 
paper material. 
Further, in [70], [89] and [90] comprehensive continuum material models that can capture the 
anisotropy in elastic and plastic deformations in cellulose based materials are presented. 
Among them, the material models proposed in [89] and [90] are based on the generalised 
expression of the yield surface of polycrystalline materials proposed in [91].  These models 
have provided the platform for many other continuum based material models developed for 
board materials such as proposed in [92]. Reference [70] is one of the latest publications that 
has proposed a comprehensive continuum material model for pressboard. The anisotropic 
viscoelastic–viscoplastic continuum pressboard material model proposed in [70] is designed to 
capture the time-rate dependency, elastic-plastic anisotropy and complex through thickness 
mechanical behaviour of pressboard.  
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Generally, it has been assumed that total strain (ε ) of a pressboard body in both in-plane and 
through-thickness directions is composed of two parts namely, elastic ( eε ) and plastic ( pε )  
strains as in 3.1 [70, 73, 93].  
 e pε ε ε= +   3.1 
In MD and CMD, Hooke’s law is used to relate the elastic stress ( eσ ) and strain ( eε ) as in 3.2 
 e e eEσ ε=   3.2 
where, eE is the elastic modulus. To introduce the plasticity of pressboard a plastic yield surface 
can be adopted. However, when modelling pressboard an asymmetric yield surface needs to be 
used [70]. An example of such a yield surface ( f ) which consists of 2M number of sub-
surfaces is given by 3.3 [70, 73]. 
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α  are stresses on subsurface α  and initial plastic resistance corresponds to sub-
surface α respectively. b
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α and K  represent the back stress, an increase in plastic hardening 
and an integer constant respectively. The plastic flow rule in 3.4 is used to describe the 
evolution of the plastic strain.  
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In 3.4  γ is the magnitude of plastic deformation.  
In through-thickness direction, stress strain relationship in the elastic region is written as in 3.5
, 
 ( )1 C eZDCeZD ZDE e εσ −= −   3.5 
 where eZDσ  , ZDE  and CC  are compressive stress, through-thickness elastic modules and a 
constant that can evaluate using experimental stress-strain data respectively [93]. Further, shear 
stress ( sτ ) in the elastic region is expressed as  
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 s sGτ γ=   3.6 
where G and sγ are shear modus and shear strain.  
In the plastic region, through-thickness yield surface is assumed to have a shape that can be 
described using 3.7 
 compression eZD pZDf σ σ= − −   3.7 
Where, hardening ( pZDσ ) is expressed as in 3.8
  
 ( )1ppZD pB Cσ ε= −   3.8 
In 3.8, B  and pC  are constants that can be evaluated from experimental stress-strain data [93].  
The experimental results presented in [94] and [95] show that the MD moduli are at least two 
orders of magnitude higher than the ZD moduli. Further, reference [96] has stated that due to 
the highly anisotropic nature of pressboard, its Poisson’s ratio is almost zero. Hence, when 
developing the material model for through-thickness behaviour of pressboard in [93], 
deformations in MD, CMD and ZD have been decoupled. With similar assumptions, a method 
for FEM simulation of through-thickness deformations of paper materials is proposed in [97]. 
In this work, experimental through-thickness stress-strain data are directly used to characterise 
the pressboard material model. This experimental data based technique is widely used for FEM 
modelling of through-thickness deformations in gasket materials.  
As per the existing literature, many detailed material models are available for FEM simulation 
of pressboard. However, it should be noted that all these material models have been developed 
to simulate deformation of pressboard bodies under complex loading conditions that may occur 
during manufacture of various pressboard based insulation parts such as snout sections, angle 
rings, corrugated boards, wound rings, pressboard screw-bolts, seals, spacers, pressure plates 
and rings. However, this research project aims to understand the influence of moisture, 
temperature and ageing dependent mechanical properties of pressboard on power transformer 
winding clamping pressure. Hence, in this study FEM simulations are used to calculate the 
deformation of pressboard parts such as clamping rings, and spacers under through-thickness 
compressive loads. Therefore, in such applications use of continuum pressboard material 
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models leads to complex FEM simulations which require extremely large amounts of 
computational power. 
 Pressboard material model for simulating the winding clamping structure  
During manufacturing of various pressboard parts, virgin pressboard is subjected to 
manufacturing techniques such as folding, printing, calendaring etc.  Such processes generate 
complex in-plane, through-thickness and shear loading conditions. In contrast, the pressboard 
parts in a transformer winding structure (radial spacers and clamping rings) are under strong 
through-thickness compressive loads during normal operating conditions of the transformer.  
Further, as listed in Table 3.3, even under high current faults axial forces are dominant.  
Table 3.3 Simulated radial (FX and FY) and axial (FZ) electromagnetic forces excreted on 
winding discs of a 100 kVA disc type transformer winding under a fault current of 10 times 
the normal operating current. 
Disc number 
Force 
Fx Fy Fz 
1 (Bottom) -0.98 N -4.65 N 391.87 N 
2 1.69 N -0.23 N 60.97 N 
3 1.14 N 0.78 N 24.23 N 
4 -5.26 N 0.98 N -20.24 N 
5 1.18 N -2.35 N -64.32 N 
6 (Top) 0.301 N 1.80 N -386.5 N 
 
Acceding to Chapter 2, section 2.6 (b), in a static clamping system, even a slight change in the 
thickness or through-thickness compression behaviour of pressboard parts such as spacers and 
clamping rings could change the winding clamping pressure. Compared to ZD deformations, 
those of MD and CMD have negligible influence on winding clamping pressure. Moreover, 
pressboard has highly anisotropic mechanical properties with an almost zero through-thickness 
Poisson’s ratio [93-95]. Therefore, it is possible to decouple the deformations in MD, CMD 
and ZD and solve in-plane (MD, CMD) and through-thickness (ZD) models separately. From 
a numerical point of view, such an approach is more favourable [93].  
Considering the above facts, shear and in-plane deformations were neglected in FEM 
simulations used in this project. Therefore, a material model that neglects the shear and in-
plane deformations was used to simulate the deformations of pressboard parts. The material 
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model was characterised using the compressive stress-strain data of pressboard measured under 
different moisture, temperature and ageing levels. Further information of the material model 
including the accuracy of the model is discussed in Chapter 5.  
 Summary 
Pressboard is a polymeric material. Mechanical properties of pressboard are affected by the 
intermolecular hydrogen bonds in the polymeric structure. These hydrogen bonds break with 
moisture absorption, temperature rises and ageing of cellulose. As a result, mechanical 
properties of pressboard which affect the winding clamping pressure are highly sensitive to 
moisture, temperature and ageing of pressboard. However, adequate research data is still not 
available to understand the behaviour of winding clamping pressure under transformer 
operating conditions.  
Orientation of cellulose fibres is another parameter that alters the mechanical properties of 
pressboard. As most of the fibres are aligned in the MD, there exists a strong contrast between 
MD, CMD and ZD moduli. Hence, pressboard has a very small (almost zero) Poisson’s ratio 
which enables decoupling of MD, CMD and ZD deformations in FEM simulations.  Even 
though, many continuum material models for pressboard are available, almost all of them have 
been developed to simulate the complex loading conditions that occur when manufacturing 
various insulation parts from virgin pressboard. However, under both normal operating 
conditions and high current faults, pressboard parts in the clamping system (spacers and 
clamping rings) mostly experience through-thickness compressive loads. Further, due to the 
initial sizing and stabilizing process of transformer windings, spacers and clamping rings made 
from pressboard are significantly more elastic than the virgin pressboard. As a result, when 
simulating the changes in winding clamping pressure shear and in-plane loads can be neglected 
and a simplified pressboard material model can be used. Hence, in the FEM based simulations 
used in this research project a pressboard material model that can be characterised using 
experimental stress-stain measurements is used.  
Results of a comprehensive laboratory investigation conducted to understand the moisture, 
temperature and ageing dependency of through-thickness compressibility of pressboard is 
presented in Chapter 4 of this thesis. 
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Understanding the compression behaviour of 
pressboard [98, 99] 
 Introduction 
High-density pressboard is one of the main building materials of a power transformer winding 
structure. Pressboard provides both electrical insulation properties and structural strength to 
the transformer winding assembly. Pressboard is made by pressing multiple layers of thin 
cellulose sheet together. Being a cellulose based polymeric solid insulation material; 
mechanical properties of pressboard are highly sensitive to ageing, changes in temperature, and 
moisture content [9, 20, 59, 78, 100]. Even though the electrical and chemical properties and 
their degradation behaviour have been explained in existing literature, mechanical properties 
of pressboard, especially the deformation characteristics under through-thickness compressive 
loads have not been widely discussed [54, 56]. 
As discussed in Chapters 2 and 3, the dynamic behaviour of pressboard mechanical properties 
(i.e. through-thickness compressibility) has a significant influence on the power transformer 
winding clamping pressure [9, 98, 101]. Even though existing literature provides evidence on 
the moisture, temperature and ageing dependency of pressboard mechanical properties, none 
of them have provided sufficient information to conduct a quantitative analysis of pressboard 
mechanical properties under typical operating conditions of power transformers [21, 38, 102, 
103]. Therefore, further understanding of the behaviour of pressboard mechanical properties 
under typical operating conditions of power transformers is required to assess the health of 
power transformer winding mechanical structure.  To fill the above knowledge gap, in this 
work a set of laboratory experiments were used to investigate the moisture, temperature and 
ageing dependency of pressboard mechanical properties. Through thickness compressive 
stress-strain relationship of pressboard samples under different operating conditions were used 
as the main parameter to characterise the moisture, temperature and ageing dependency of 
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pressboard compressibility. A detailed description of the laboratory experiments methodology 
and results are presented in this chapter1. 
 Material Used for Experiments 
High-density pressboard (type B 3.1) samples impregnated with an uninhibited mineral oil 
(Shell Diala) were used for the laboratory investigations conducted in this study. The density 
and thickness of the pressboard samples were 1.14 gcm-3 and 1.5 mm respectively. Initial DP 
value of the pressboard samples was in the range of 1100-1200. Typical values of the 
mechanical and chemical properties of type B 3.1 pressboard are listed in Table 4.1. 
Table 4.1 Typical values of main mechanical and chemical properties of type B 3.1 
pressboard [36] 
Property Value 
Tensile Strength (MD) 130 N/mm2 
Tensile Strength (CMD) 95 N/mm2 
Elongation (MD) 5% 
Elongation (CMD) 5% 
Flexural strength (MD) 105 N/mm2 
Flexural strength (CMD) 90 N/mm2 
Compressibility 7.2% 
Reversible part of compressibility 55% 
Ash Content 0.4% 
Oil Absorption 13% 
MD – Machine Direction CMD – Cross Machine Direction 
                                                 
1 This chapter has significant materials from the following articles published by the PhD candidate 
• Lakshitha Naranpanawe, C. Ekanayake, T. K. Saha, and P. K. Annamalai, "Influence of moisture 
dependency of pressboard on transformer winding clamping pressure," IEEE Transactions on Dielectrics 
and Electrical Insulation, vol. 24, pp. 3191-3200, 2017. 
• Lakshitha Naranpanawe, C. Ekanayake, and T. Saha, "Temperature dependent mechanical properties of 
pressboard in transformer winding structure," in IEEE Conference on Electrical Insulation and Dielectric 
Phenomenon, pp. 149-152, 22-25 Oct. 2017, Fort Worth, TX, USA. 
 
 52 
 
 Experimental Setup 
 Pressboard sample preparation 
The first step of the experimental procedure was sample preparation. In this step, a large 
pressboard sheet (1m × 1m × 1.5mm) was cut into 25mm × 25mm squares using an electric 
guillotine with a sharp cutting edge. As a large number of pressboard samples were required 
for the experiments, bundles of 20 pressboard samples were created and used for drying, 
moisture conditioning and ageing. However, it was realized that stacking of pressboard samples 
on top of each other reduces the exposed surface area and decreases the efficiency of drying 
and moisture conditioning processes. Hence, pressboard samples were bundled using high-
temperature cable ties as shown in Figure 4.1. Special attention was paid while making the 
pressboard stacks to minimize the overlapping surface area. These stacks were then used for 
drying, moisture conditioning and accelerated thermal ageing. 
 
Figure 4.1 Pressboard stack used for drying, moisture conditioning, and ageing. 
 Drying, moisture conditioning, and accelerated thermal ageing 
The first step of the sample preparation process was drying and oil impregnation of the 
pressboard stack. For drying, pressboard stacks were placed in the hermetically sealed steel 
container shown in Figure 4.2. Then the container was connected to a high rotary vacuum pump 
and placed in a temperature controlled oven. The stacks were kept at 70oC under a high vacuum 
level (less than 1 kPa) for 48 hours. As per [104] these settings are sufficient to attain a moisture 
content of less than 0.5% in the pressboard samples. After drying, the oven temperature was 
reduced to 50oC and degassed mineral oil (Shell Diala) was infused into the container. The 
container with oil impregnated pressboard was then kept in the oven at 50oC for 7 days to 
achieve adequate oil impregnation [12]. To verify the effectiveness of the drying process the 
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moisture content in pressboard samples taken from the stack was measured following IEC 
standard 60814:1997 [105]. 
 
Figure 4.2  Hermetically sealed steel container used for sample preparation. 
After impregnation the pressboard stacks were divided into three groups with 70 stacks in each 
group and placed in three different hermetically sealed containers. Two of these groups were 
exposed to the moisture conditioning process at 50⁰C [98, 104]. The first of these was exposed 
to 11% relative humidity levels regulated by saturated LiCl, whereas the second was exposed 
to 32% relative humidity levels regulated by saturated MgCl2 [104].  
When creating the salt solutions, the required amount of demineralised water volume was 
selected based on the mass of dry pressboard samples in each container and the required 
moisture content in pressboard after the moisture conditioning process. As each container 
consists of 20 pressboard stacks with 20 pressboard pieces in each stack, dry pressboard mass 
in each container was 427.5 g (density of pressboard = 1.14 g/cm3). Therefore, to reach 2% and 
4% moisture levels, dry pressboard in each container should absorb 8.55 g and 17.1g of water 
respectively. Therefore, assuming demineralised water has a density of 1.00 g/cm3, to avoid 
drying out of the salt solutions during the moisture conditioning process LiCl and MgCl2 
solutions should have more than 8.55 ml and 17.1 ml of demineralised water respectively. 
The aforementioned moisture conditioning was carried out for 28 days. Throughout the process 
the relative humidity inside the containers was monitored using a Vaisala MMT 162 capacitive 
moisture sensor [106]. After 28 days moisture content in the pressboard was measured by KFT 
measurements [105]. The result of the KFT and DP measurements are listed in Table 4.2. 
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  Table 4.2 Initial moisture content and DP of unaged pressboard samples used for moisture 
conditioning and accelerated thermal ageing  
Sample Moisture Content DP 
Dry 0.3% 1243 
Wet  2% 1226 
Extremely Wet  4.2% 1128 
 
After moisture conditioning the three impregnated pressboard groups were aged in a 
temperature-controlled oven at 110oC for 2000 hours. At the 1000th hour and 2000th hour of 
ageing, pressboard samples from each container were taken out for analysis. Moisture content 
and DP of these samples were measured according to IEC standards [53, 105]. Moisture levels 
and DP values of the pressboard samples which were subjected to stress-strain measurements 
at four different temperature levels are shown in Figure 4.3. 
DRY
0.5 %
Moisture 
Content
(MC)
Ageing 
Level
(DP)
Temp.
DP11
1243
MC1
2%
MC2
4%
DP12
900
DP13
700
DP21
1226
DP22
820
DP23
520
DP31
1128
DP32
290
T1
20oC
T2
40oC
T3
60oC
T4
80oC
 
Figure 4.3 Details of the test samples used for through-thickness compressive stress-strain 
curve measurements. 
To establish procedures, 4 sets of pressboard samples were taken at each moisture content and 
ageing level. As shown in Figure 4.3, there are a total of eight combinations of moisture 
contents (0.3%, 2% and 4%) and ageing levels (initial- DPx1, 1000 hours- DPx2, 2000 hours- 
DPx3). It should be noted that DP33 pressboard samples are not included in the presented 
investigation due to sample unavailability at those conditions. Thus, a total of 32 samples in 
different conditions were used for compressive through-thickness stress-strain measurements. 
To improve the accuracy of experimental data, two pressboard samples from each condition 
were subjected to through-thickness compressive stress-strain measurements. Two 
compressive stress-strain curves correspond to each sample condition were compared to 
evaluate the accuracy of the results. 
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 Pre-compressing of pressboard samples 
After preparing the aforementioned 32 sample sets, pressboard in those stacks were rearranged 
to form a block, where each pressboard sample was overlapped with the adjacent sample. In 
this process the height of each stack was maintained at around 30mm. On each of these stacks, 
a constant pressure of 15MPa was applied for 7 days while the temperature was maintained at 
50oC. The spring-loaded pressure device shown in Figure 4.4 was used for this purpose. During 
the pressing process, pressboard samples were immersed in degassed mineral oil to prevent 
any undesirable moisture ingress. This initial pressing simulates the sizing process of power 
transformer winding manufacturing that partially destroys the porous structure of pressboard. 
Therefore, during this process the height of the pressboard stacks could reduce significantly. 
Hence, to maintain a constant pressure on the pressboard stacks throughout the pressing 
process, the pressing device was fitted with two springs. The selected springs have a stiffness 
of 84 N/mm and free length of 254 mm. 
Pressboard 
Stacks
 
Figure 4.4 Spring-loaded pressboard pressing device. 
 Compressive stresses -strains measurements of pressboard 
After the pre-pressing process, each stack was subjected to compressive stress-strain curve 
measurements at a set temperature. Compressive load cycle of 1 MPa  10 MPa  0.5 MPa 
at a strain rate of 1%/s was applied on the stack using an INSTRON universal test machine as 
shown in Figure 4.5. This measurement range covers the typical clamping pressure of a power 
transformer [19]. Apart from compressive stress-strain curve measurements, the change in 
thickness of pressboard samples due to hygroscopic swelling was also measured using a 
Vernier Caliper. 
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Figure 4.5 INSTRON 4505 universal test machine with environmental chamber. 
  
(a) 
  
(b) 
  
(c) 
Figure 4.6 Examples of thermal images of pressboard stacks correspond to (a) 40°C, (b) 60°C 
and (c) 80°C tests before (left column) and after (right column) compressive stress-strain 
curve measurements. 
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The above compressive stress-strain curve measurements were repeated for four temperature 
levels i.e. 20°C, 40°C, 60°C and 80°C. For this purpose, an INSTRON environmental chamber 
(model no: 3119-606) was mounted in the universal test machine as shown in Figure 4.5. A 
Fluke Ti10 infrared camera was used to monitor the sample temperature during the 
compressive stress-strain curve measurements. Further, it was found that during the 
measurements the temperature of the sample tended to drop by about 5°C. Therefore, the 
sample temperature was increased 2°C above the required temperature before starting the test. 
Thermal images taken before and after the compressive stress-strain measurements at 40⁰C, 
60⁰C and 80⁰C are illustrated in Figure 4.6. From the thermal images, it can be seen that with 
the above approach, average temperatures of the samples were successfully maintained around 
40°C, 60°C and 80°C.  
 Compressive Stress-Strain Characteristics of Pressboard 
A typical compressive stress-strain curve of a pressboard stack under a compressive load cycle 
of 0  10 MPa  0.5 MPa is shown in Figure 4.7. In the figure, the solid line curve (labelled 
virgin) represents the compressive stress-strain relationship of a pressboard stack that has not 
been exposed to any pre-pressing. In the same figure, the dotted line curve represents the 
compressive stress-strain relationship of a pre-pressed pressboard stack. According to Figure 
4.7, both pressboard stacks exhibit a non-linear through-thickness compression behaviour. 
Through-thickness compressive stress-strain behaviour of virgin pressboard is composed of 
two noticeable regions marked as “a” and “b” in the figure. However, region “a” is not visible 
in the compressive stress-strain curve of the pre-pressed pressboard stack.   
In the region marked as “a”, a large increase in strain has occurred under a relatively small 
increase in stress. This behaviour is caused by the collapse of the porous pressboard structure 
due to the compression force applied along the thickness direction [70, 74, 75]. This structural 
collapse is irreversible and introduces a significant plastic deformation to the compressive 
stress-strain curves [74]. In the case of pre-pressed pressboard, the porous structure is already 
collapsed and therefore the intermediate collapse plateau is not visible. 
In the region “b”, with a steep increase in stress only a small increase of compressive strain 
occurred. In other words, a progressive increase in both elastic stiffness and plastic hardening 
is visible in region “b”. This behaviour is visible in the stress-strain curves of both virgin and 
pre-pressed pressboard. The root cause of this behaviour is the compaction of the fibre – porous 
structure of pressboard. Hence, a scalar variable as in 4.1 which represents the ratio between 
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the volume of pores and the volume of fibre can be defined to mathematically represent the 
hardening behaviour observed in region “b" [70, 107]. 
 
Figure 4.7 Typical through-thickness compressive stress-strain relationship of pre-pressed 
and virgin pressboard. 
 
pore
fibre
l
lξ =
  4.1 
Therefore, the thickness of the pressboard sample can be written as in 4.2, 
 
(1 )fibre pore fibrel l l lξ= + = +   4.2 
Here porel  and fibrel represent the effective thickness of voids and effective thickness of solid 
fibres respectively. Further, it can also be assumed that fibrel  remains unchanged until all pores 
are completely squeezed out i.e. 0ξ =  [70]. Therefore, during the densification process the 
effective thickness of fibres remains constant. As a result, the void-fibre ratio (ξ ) of pressboard 
during compression tends to change exponentially as given in 4.3. This leads to the observed 
progressive increase in the elastic stiffness and the plastic-hardening of the through-thickness 
compressive stress-strain curves of pressboard [70]. 
 
0 0(1 ) 1 ; ln(1 )
0 ;
ZDe
ZDe if e
otherwise
ξ ξ
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  In (4.3), eZD and 0ξ  represent the compressive strain and initial fibre-to-pore ratio of the 
pressboard sample.  
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Figure 4.7 further illustrates that the stress-strain curves of both pre-pressed and virgin 
pressboard have a non-recoverable strain. As marked in the figure, residual strains of pre-
pressed and virgin pressboard are 0.00351 and 0.02399 respectively. Therefore, it is clear that 
the additional pressing process has reduced the residual strain by about 85%. 
 Effect of Moisture on Pressboard Mechanical Properties 
Figure 4.8 illustrates the relative change in thickness of pressboard samples with different 
moisture content measured during laboratory investigations. According to Figure 4.8 one can 
observe that pressboard thickness linearly increases with increasing moisture content between 
0.5% to 9% moisture levels. 
 
Figure 4.8 Percentage increase of the thickness of pressboard samples with moisture 
absorption. 
 As discussed in Chapter 3, pressboard is mainly made of cellulose, which is a natural polymer 
of glucose monomers. Strong intermolecular forces are present in the cellulose structure, since 
glucose has three hydroxyl groups that can create strong hydrogen bonding. The strong 
intermolecular hydrogen bonds make cellulose a polymer with a high degree of crystallinity 
[63]. However, as shown in Figure 4.9a, cellulose structure consists of both crystalline and 
amorphous regions having a typical crystallinity index (CI) of 50%-70% [108]. Moreover, as 
shown in Figure 4.10 the surface of cellulose chains consists of highly hydrophilic hydroxyl 
groups, which are capable of forming inter- and intra-molecular hydrogen bonds [64]. These 
hydrophilic hydroxyl groups make cellulose based solid insulation material highly 
hygroscopic. The majority of these water molecules, which are absorbed by cellulose, reside 
in the amorphous regions [109]. Under wet stage, water molecules tend to create hydrogen 
bonds with the hydroxyl (-HO) groups in the cellulose structure. Carbon-6 hydroxyl groups are 
the most exposed hydroxyl groups in the cellulose polymer. Hence, water molecules in wet 
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pressboard create hydrogen bonds with the neighbouring cellulose chains as shown in Figure 
4.11. 
Crystalline
Amorphous
Crystalline Crystalline
Amorphous
(a) (b)
 - Water Molecules
 
 Figure 4.9 Schematic representation of cellulose fibres at a) dry state and b) swollen (wet) 
state. 
 
Figure 4.10 Structure of cellulose [64]. 
 
Figure 4.11 Schematic representation of hydrogen bonding between water molecules and 
cellulose chains. 
Further, due to the small size of water molecules, newly formed water-cellulose hydrogen 
bonds in moist cellulose are stronger than the cellulose-cellulose hydrogen bonds. Therefore, 
in moist cellulose more cellulose-water bonds are created after breaking cellulose-cellulose 
hydrogen bonds, which increases the distance between cellulose chains. This process converts 
surrounding crystalline regions into amorphous regions as illustrated in Figure 4.9b, which 
leads to the hygroscopic swelling of pressboard. 
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Figure 4.12 illustrates the moisture dependency of the through-thickness compressive stress-
strain curves of pressboard. From Figure 4.12, it can be seen that with increasing moisture, the 
stress-strain curve of pressboard shifts towards higher strain making pressboard softer. This is 
known as hygroscopic softening. Pressboard is manufactured by pressing multiple layers of 
thin cellulose sheets together and no external adhesive is used between the layers. Therefore, 
in pressboard the bond between layers is dominated by hydrogen bonds [60]. The mechanical 
properties of pressboard are decided by the intra- and inter-molecular hydrogen bonds [60, 70].  
The mechanical strength of hydrogen bonded materials can be expressed in terms of the 
effective number of hydrogen bonds per unit volume. Therefore, Young’s modulus of 
pressboard can be expressed in terms of the number of hydrogen bonds per unit volume as in  
4.4 [60].  
 
1/3E kN=   4.4 
In 4.4, E is the Young’s modulus; k is the proportionality constant (typically for cellulose k = 
8x103 N/cm) and N represents the effective number of hydrogen bonds per cm3. With the 
hygroscopic swelling and breakage of inter-polymer hydrogen bonds, N decreases with 
increasing moisture content. Hence, according to 4.4, Young’s modulus of pressboard should 
decrease with moisture ingress making wet pressboard softer as observed in Figure 4.12. 
 
Figure 4.12 Out-of-plane compressive stress-strain curves of pressboard at Room 
Temperature (RT). 
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 Effect of Ageing on Through-Thickness Compression Behaviour of 
Pressboard  
The influence of ageing on the compressive stress-strain curves of dry (0.5%) and moist (2% 
and 4%) pressboard measured at 20⁰C are illustrated in Figure 4.13. The plots shown in Figure 
4.13 clearly indicate that pressboard becomes softer with ageing i.e. decreasing DP values. 
During ageing polymer chains in the cellulose structure rupture due to breakdown of hydrogen 
bonds. Therefore, the effective number of hydrogen bonds per unit volume (N) in pressboard 
decreases with ageing, and pressboard becomes softer. 
 
Figure 4.13 Compressive stress-strain curves of pressboard at 20⁰C under different moisture 
and ageing levels. 
 
Based on the experiment results presented in Figures 4.12 and 4.13, it can be concluded that 
both ageing and moisture make pressboard softer. This clearly supports our hypothesis on the 
impact of ageing and moisture on the mechanical strength of pressboard. However, further 
investigations are required to quantify the effect of moisture and ageing related softening of 
pressboard. 
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 Effect of Temperature on Through-Thickness Compression 
Behaviour of Pressboard 
Among moisture, ageing and temperature, the latter is the most dynamic parameter in a loaded 
power transformer. Therefore, the effect of temperature on the compressibility of both wet and 
aged pressboard was investigated in this section. Figure 4.14 illustrates the compressive stress-
strain of 2% wet pressboard during the loading cycle at four different temperature levels. As 
shown in the figure, pressboard becomes softer with increasing temperature. It can also be 
observed that the increase of strain due to the change of temperature is more significant at 
higher temperatures. As an example, for temperature increases from 200C to 400C and from 
600C to 800C, the strain corresponding to 10 MPa has increased by about 14% and 47% 
respectively. A similar trend is observed in the stress-strain curves of aged and wet pressboard 
as illustrated in Figure 4.15. 
 
Figure 4.14 Temperature dependency of loading curve of through-thickness compressive 
stress-strain curves of unaged wet (2% moisture) pressboard. 
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Figure 4.15 Variation of the strain at 10 MPa of the stress-strain curves measured at 20°C, 
40°C, 60°C and 80°C with moisture content and ageing level. 
Figure 4.16 illustrates the compressive stress strain curves of unaged pressboard with three 
different moisture contents at 20°C and 80°C. According to the data presented in the figure, the 
percentage increase of maximum strain in the stress-strain curve due to temperature rise (20°C 
to 80°C) of pressboard with 4% moisture is about 4 times higher than that of dry (0.5% 
moisture) pressboard. This clearly indicates that thermal softening2 is intense at higher 
moisture content. Thermal softening of polymeric materials occurs due to the molecular level 
thermal motion [20]. As pressboard is a polymeric material, thermal motion is the most likely 
phenomena for its thermal softening.  
The study in [20] reveals that if polymer molecules absorb an adequate amount of thermal 
energy, they can undergo large-scale motions with respect to each other and become rubbery. 
The temperature at which this transition occurs is called the glass transition temperature, Tg 
and for dry cellulose, is in the range 200°C-250°C [110]. However, the glass transition 
                                                 
2 term “thermal softening” is used to represent the increase in the compressibility of pressboard with increasing 
temperature occurs at temperature levels below the glass transition temperature/softening temperature of cellulose 
and pressboard  
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temperature of pressboard tends to decrease significantly with increasing moisture content as 
illustrated in Figure 4.17 [28]. 
 
Figure 4.16  Temperature dependency of the loading curves of through-thickness 
compressive stress-strain curves of dry and wet unaged pressboard. 
According to Figure 4.17 the glass transition temperature Tg of cellulose with 2% and 4% 
moisture is around 130⁰C and 80⁰C respectively. Therefore, it is possible that at 80⁰C, 
pressboard with 4% moisture has reached its Tg. Hence, relatively high softening behaviour 
observed in the stress-strain relationship of pressboard with 4% moisture at 80⁰C is most likely 
an outcome of a phase transition that occurs at Tg. 
As per the presented data in Figure 4.16, 2% wet pressboard also exhibits a relatively high 
softening behaviour at 80⁰C. According to Figure 4.17 Tg of 2% moist pressboard is about 
130⁰C, which is significantly above the temperature range considered in this research. 
Therefore, it is highly unlikely that the observed relatively high softening of 2% moist 
pressboard is caused by the phase transition at Tg.  
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Figure 4.17 Influence of moisture content and crystallinity index (CI) on glass transition 
temperature of cellulose [110]. 
Similar to other polymeric materials, cellulose also produces second-order transitions at lower 
temperature levels than Tg, which affect the specific volume as shown in Figure 4.18 [20, 111]. 
The second order transitions of polymeric materials are produced by the increased motion of 
side groups attached to the main polymer chains [112]. Therefore, it is plausible that the 
increased movement of hydroxyl groups (-OH) that may occur due to the breakage of less 
stable h-bonds with heating, produce the second order transitions in cellulose based materials. 
When water is absorbed, water molecules break inter-molecular h-bonds of cellulose. 
Therefore, one could expect that the mobility of the pendant groups on cellulose polymer chains 
i.e. -OH groups, is higher with increased moisture content; hence transition temperatures will 
be lower for wet cellulose [20]. According to [20], dry pressboard produces two second order 
transitions, one is in the range 19oC to 33oC and the other is between 80oC and 110oC before 
reaching the glass transition. 
The temperature range that pressboard was tested in this paper is from 20⁰C to 80⁰C. Therefore, 
the first second order transition temperature of both dry and 2% wet pressboard can be within 
the above temperature range. Therefore, it is highly likely that the sudden increase in the rate 
of change of physical properties at the first transition temperature could have introduced an 
additional thermal softening for both dry and 2% wet pressboard. In addition, the 2% wet 
pressboard could have reached the next second order transition below 80⁰C resulting in 
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relatively higher softening at 80⁰C. However, further investigations on the phase transition of 
pressboard are required to verify its impact on thermal softening.  
 
Figure 4.18 Specific volume-temperature curve of a dry, unaged cellulose based material 
presented in [111]. 
 Combined effect of ageing and moisture on thermal softening 
Figure 4.19 illustrates the compressive stress-strain curves of pressboard under different 
moisture, temperature and ageing levels. According to the data presented in the figure, through-
thickness compressibility of pressboard increases with temperature, moisture content and 
ageing. Among all the pressboard samples tested under moisture, ageing and temperature levels 
shown in Figure 4.3, the dry pressboard at 20⁰C and the aged wet pressboard (DP 290, 4% 
moisture) at 80⁰C have the lowest and highest through-thickness compressibility respectively. 
According to the data presented in Figure 4.19, the strain corresponding to 10 MPa stress on 
pressboard with 4% moisture at 80°C is 75% higher than that of dry unaged pressboard at 20°C.  
The combined effects of ageing and temperature also have a similar effect on stress-strain 
behaviour of the dry pressboard.  As shown in Figure 4.19, the strain corresponding to 10 MPa 
stress on the unaged dry pressboard at 20°C has increased by about 73% when it is aged to 
700DP and temperature is increased to 80⁰C. In contrast, the change of strain only 
corresponding to temperature variations is relatively smaller. The strain of dry, unaged 
pressboard at 20°C has only increased by 23% when temperature is increased to 80°C. This 
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clearly indicates that both moisture and ageing have intensified the thermal softening of 
pressboard. 
 
Figure 4.19 Moisture, temperature, and ageing dependency of loading curves of out-of-plane 
stress-strain behaviour of pressboard. 
 Modelling the Through-Thickness Stress-Strain Behaviour of 
Pressboard   
In finite element modelling based simulations, the linear interpolation of experimental data is 
used to generate the stress-strain curves of materials when the simulation settings are different 
from the test conditions of available data. However, due to the nonlinearity of through-
thickness compression behaviour of pressboard associated with its moisture, temperature and 
ageing dependency, linear interpolation cannot be used to generate stress-strain curves 
corresponding to moisture, temperature and ageing levels, which are different from the test 
conditions. To overcome this problem, an empirical equation was developed to estimate the 
compressive stress-strain curves of pressboard corresponding to given moisture, temperature 
and ageing levels. 
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The through-thickness compressive stress-strain curves used in this analysis have been 
measured at selected moisture, temperature and ageing levels shown in Figure 4.3. However, 
pressboard parts in real power transformers are most likely to have moisture, temperature and 
ageing levels other than those of the samples used for laboratory investigations. Hence, it is 
important to have an accurate method to estimate the stress-strain curve of pressboard with 
moisture, temperature and ageing levels different from Figure 4.3.  
Equation 4.5 is an exponential equation that can be used to describe the compressive loading 
curves of pressboard [97]. 
 . 1BA e εσ = −   4.5 
In 4.5, σ  and ε represent the compressive stress and strain respectively. A and B are constants 
for a particular compressive loading curve. Further, by substituting 0ε =  in 4.5, A can be 
calculated as, 
 0 1A σ= +   4.6 
Where σ0 is the initial stress (in MPa) applied during the compressive stress-strain curve 
measurements. In this study σ0 was maintained at 1 MPa and therefore 𝐴𝐴 = 2. The coefficient 
B can be calculated by modelling the experimental stress-strain curves using 4.5. The modelled 
values of B corresponding to the loading curves of compression stress-strain curves of 
pressboard under different moisture, ageing and temperature levels are listed in Table 4.3. From 
the data, it can be seen that the values of B show a decreasing trend with increasing moisture, 
temperature and ageing levels. A similar trend was observed for all pressboard samples used 
in this investigation.  
A linear multiple regression model defined by 4.7 was used to model the calculated data for B. 
This model defines the moisture, temperature and ageing dependency of B. 
 ( ) ( ) ( )1 2 3 4B C C M C C DP C T= + + +   4.7 
Where, MC, DP and T are moisture content as a percentage, DP value and temperature in 
celsius respectively. C1, C2, C3 and C4 are constants.  
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 Table 4.3 Coefficients for loading curves 
Moisture Content DP Temperature B 
0.5% 
1243 
20°C 85 
40°C 69 
60°C 63 
80°C 67 
900 
20°C 79 
40°C 71 
60°C 65 
80°C 42 
700 
20°C 79 
40°C 65 
60°C 66 
80°C 47 
2% 
1226 
20°C 80 
40°C 70 
60°C 62 
80°C 43 
820 
20°C 78 
400C 68 
60°C 61 
80°C 44 
520 
20°C 78 
40°C 68 
60°C 61 
80°C 41 
4% 
1128 
20°C 75 
40°C 64 
60°C 64 
80°C 42 
290 
20°C 70 
40°C 60 
60°C 56 
80°C 36 
Cross validation was used to improve the accuracy of the model proposed in 4.7. Out of 32 
measured stress-strain points of data, 31 were used for estimating the coefficients of 4.7 leaving 
one for model validation. The above process was repeated 32 times for different sets of 
validation data and corresponding Normalised Mean Square Error (NMSE) defined by 4.8 was 
calculated for each validation to evaluate the goodness of fit.  
 
( )
1
1
(i) (i)
NMSE 1
(i) mean
N
ref
i
N
ref ref
i
X X
X X
=
=
−
= −
−
∑
∑
   4.8 
Where, X and Xref are the modelled and measured stress values respectively. N is the length of 
vector X. As per 4.8, NMSE varies between -∞ and 1 reflecting the totally unfit and perfect fit 
respectively. The mean of the NMSE for each validation was 0.57. The average of the 
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coefficients calculated during each validation were used as the final coefficients of the 
proposed model in 4.7. The calculated coefficients were 𝐶𝐶₁ = 87.0116,𝐶𝐶₂ = −1.9147 𝐶𝐶₃ = 0.0066 and 𝐶𝐶₄ =  −0.5136.  
The above proposed model is useful for generating the stress-strain curves corresponding to 
any given set of moisture content, temperature and ageing level. To develop stress-strain 
curves, first the corresponding B values need to be calculated using 4.7. Then, these B values 
can be used in 4.5 to calculate strains for given stresses under given conditions. 
Measured and modelled compressive stress-strain curves corresponding to the highest (0.9225) 
and lowest (0.2014) NMSE values among the 32 measured stress-strain curves are presented 
in Figure 4.20. Based on the figure, it can clearly be seen that even the estimated stress-strain 
curve with the lowest NMSE is in reasonably good agreement with the measured data. 
Therefore, it can be stated that the developed model is capable of estimating the compressive 
stress-strain curves of pressboard with reasonable accuracy.  
 
Figure 4.20 Measured (circles) and estimated (solid line) compressive stress-strain curves 
correspond to the highest (a) and lowest (b) NMSE values among 32 stress-strain curves.   
 Summary 
This chapter presents the results of a laboratory investigation conducted to understand the 
behaviour of through-thickness compressibility of pressboard under varying operating 
conditions of field installed power transformers. First, it was found that pre-compression of 
pressboard has a significant impact on its stress-strain behaviour. Through-thickness 
compressibility of pre-compressed pressboard is significantly more elastic than that of virgin 
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pressboard. Hence, to simulate real conditions in operating transformers, the presented analysis 
was performed on pre-compressed pressboard.  
Experimental results revealed that the through-thickness compressibility of pressboard is 
highly dependent on moisture content, temperature and ageing level. With an increase in 
moisture content and temperature, both thickness and compressibility of pressboard in the 
through-thickness direction increases. However, ageing only impacts the pressboard 
compressibility. The results further revealed that the temperature dependency of the through-
thickness compressibility of pressboard is moisture and ageing dependent. Both moisture 
ingress and ageing exaggerates the thermal softening of pressboard. Breakage of inter-polymer 
hydrogen bonds and moisture dependency of the glass transition and other second order 
transition temperatures were proposed as possible causes for the observed stress-strain 
behaviour of pressboard. 
An empirical model was developed to estimate the through-thickness compressive stress-strain 
relationship of pressboard corresponding to given moisture temperature and ageing levels. This 
model is useful for characterising the stress strain behaviour of pressboard when modelling the 
mechanical stresses in transformer winding structures under various operating conditions. 
Overall, experimental results provided a clear view of possible changes in the through-
thickness compressibility of pressboard parts in a transformer winding structure under typical 
operating conditions. The next step of this research project is to investigate possible 
fluctuations in the winding clamping pressure of an operating power transformer. For that, both 
structural and operational complexities of a typical power transformer need to be considered. 
To this end, considering the flexibility, instead of laboratory investigations, a software-based 
modelling technique was adopted to investigate the dynamic nature of the winding clamping 
pressure of an operating transformer. A detailed description of the software based model 
formulation and simulation results are presented in Chapters 5 and 6 of this thesis.
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Finite element modelling of winding 
clamping system [27, 98, 113, 114] 
 Introduction 
As discussed in Chapter 2, winding clamping pressure of a power transformer correlates highly 
with the through-thickness compression behaviour of pressboard. According to the existing 
publications reviewed in Chapter 3 and experimental results presented in Chapter 4, through-
thickness compression behaviour of pressboard is highly moisture, temperature and ageing 
dependent. Hence, it can be expected that the variations in transformer operating parameters 
(temperature, moisture and ageing) have a significant impact on transformer winding clamping 
pressure. However, adequate information required to understand the exact behaviour of 
winding clamping pressure of an energised power transformer is limited. 
Among the limited literature available on this topic, [9] and [8] adumbrate that winding 
clamping pressure of a transformer is linked to moisture, temperature and ageing dependency 
of pressboard mechanical properties. However, they do not provide detailed information of the 
dynamic nature of power transformer winding clamping pressure. To fill the above knowledge 
gap, a comprehensive investigation of the winding clamping pressure of an energised 
transformer needs to be conducted. The complex mechanical structure of power transformers 
and their highly dynamic operating conditions have made it extremely challenging to use 
laboratory investigations on practical power transformer windings. In contrast, Finite Element 
Modelling (FEM) based simulation techniques can be successfully used to simulate the 
dynamic transformer operating conditions accurately [79-85]. A detailed description of the 
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FEM simulation methods and material models, which can be used in this research project is 
presented in this chapter3.  
 FEM Simulation Method 
ANSYS Mechanical Workbench, a commercial FEM-based simulation tool was used to 
simulate the mechanical stresses in the winding structure and vibration characteristics of the 
transformer winding [115]. The simulation procedure used in this research project to 
investigate the moisture, temperature and ageing dependency of winding clamping pressure in 
ANSYS is illustrated in Figure 5.1.  
The first step of the simulation process illustrated in Figure 5.1 is developing a suitable CAD 
model that closely represents the clamping structure of a typical transformer winding. Then the 
material properties of each structural component i.e. copper, steel, Silicon Iron (SiFe) and 
pressboard need to be defined. After that, the boundary conditions, external mechanical loads 
and winding temperature had to be defined. Finally, through static structural and modal analysis 
in ANSYS, variations of stresses and strains in various structural components of the 
transformer winding under different operating conditions and vibration characteristics of the 
winding structure can be calculated. The modal analysis was primarily used to calculate the 
vibration characteristics of the transformer winding for FEM model validation purposes. 
 
                                                 
3 This chapter has significant materials from the following articles published by the PhD candidate 
• Lakshitha Naranpanawe, Chandima Ekanayake, Tapan Saha, "Finite Element Analysis to Understand 
the Mechanical Defects in Power Transformer Winding Clamping Structure," in IEEE Power and Energy 
Systems General Meeting, 16-20 July 2017,  Chicago, IL USA. 
• Lakshitha Naranpanawe, C. Ekanayake, T. K. Saha, and P. K. Annamalai, "Influence of moisture 
dependency of pressboard on transformer winding clamping pressure," IEEE Transactions on Dielectrics 
and Electrical Insulation, vol. 24, pp. 3191-3200, 2017. 
• Lakshitha Naranpanawe and C. Ekanayake, "Finite element modelling of a transformer winding for 
vibration analysis," in Australasian Universities Power Engineering Conference, 25-28 Sept. 2016, 
Brisbane, Australia. 
• Lalshitha Naranpanawe and C. Ekanayake, "Applications of FEM in Condition Monitoring of 
Transformer Clamping System," in Australasian Universities Power Engineering Conference, 19-22 
Nov. 2017, Melbourne, Australia. 
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Figure 5.1 Finite element simulation method. 
 Finite Element Model of a Test Transformer Winding 
According to Figure 5.1, the first step of the FEM simulation process is developing a suitable 
CAD model of a transformer winding. For the FEM simulations presented in this thesis, a 100 
kVA 10.5/0.4 kV, three-phase, disc type test transformer winding shown in Figure 5.2 was 
used. This test transformer winding is composed of a disc type outer winding and a layer type 
inner winding.  Each outer winding disc consists of 430 turns of epoxy coated copper 
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conductors. The outer winding has four key spacer columns. The average height of a spacer is 
6 mm. 
Similar to a typical substation transformer, the test transformer winding is clamped using a 
static clamping system. In this clamping arrangement, tie rods are used to connect the upper 
and lower clamping beams and apply the required axial force on the winding structure. In 
addition, 50 mm thick high-density pressboard blocks are placed in-between clamping beams 
and the winding ends during the manufacturing process. More information on the geometry of 
the test transformer is given in Table 5.1. 
 
Figure 5.2 100kVA 10.5/0.4 kV disc type test transformer winding. 
Table 5.1 Specifications of the Test Transformer Winding 
Parameter value 
Number of turns (LV: HV) 104 / 2580 
Cross section area-LV conductor 32.3 mm2 
Cross section area-HV conductor 3.2 mm2 
Winding Height 520 mm 
Mean diameter – LV 129.5mm 
Mean diameter - HV 185 mm 
Winding Clamping Pressure 1.5 MPa 
 
It should be noted that there are structural differences between the test transformer and a typical 
substation transformer. However, it was found that the radial and axial magnetic flux pattern 
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of the test transformer winding is similar to a typical disc type transformer winding. Hence, 
electromagnetic forces in the test transformer winding should closely resemble that of a 
substation transformer. According to published literature, about one third of the total height of 
a typical power transformer winding is composed of cellulose-based solid insulation material 
[25, 102]. In the case of the test transformer, about 25% of the total height of the test 
transformer winding is made of cellulose-based solid insulation material. Considering the 
above similarities, it was assumed that moisture, temperature, and ageing dependency of 
pressboard mechanical properties have comparable impacts on the clamping structure of a 
typical substation transformer and the test transformer.  
 
Figure 5.3 3D CAD model of the test transformer winding. 
Due to the axial asymmetry of the winding structure, a 3D FE model shown in Figure 5.3 was 
created to study the behaviour of winding clamping pressure under typical operating conditions 
of the power transformer. In FEM simulations the 3D CAD model needed to be simplified to 
reduce the required computational power without reducing the accuracy of the FEM based 
simulation results. For this purpose, considering the rigidness of the outer winding discs, each 
disc was modelled as a solid copper disc instead of modelling 430 turns of copper conductors 
separately. The cross-sectional area of each outer winding disc in the CAD model was equal to 
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the total cross-sectional area of copper conductors in the actual outer winding disc. Similarly, 
the layer type inner winding was modelled as a single copper cylinder as shown in Figure 5.4. 
 
Figure 5.4 Cross section of the inner and outer windings of the 3D CAD model of the test 
transformer winding (Orange – Outer winding disc, Blue – Inner winding). 
Both key spacers and clamping blocks of the test transformer winding were made by stacking 
multiple layers of 1.5 mm thick pressboard sheets. Modelling each pressboard layer in the CAD 
model increased the number of contact surfaces. As a result, meshing becomes unnecessarily 
complex. Therefore, all the pressboard parts in the winding structure were modelled as solid 
blocks with corresponding dimensions to reduce the number of contact surfaces as shown in 
Figure 5.5.  
 
Figure 5.5 Cross section of the insulation blocks in 3D CAD model of the test transformer 
winding. 
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 Material Models  
Secondly, in FEM analysis all the materials in the winding structure need to be defined using 
appropriate material models. These material models should have the capability of accurately 
capturing the stress-strain behaviour of each structural component under the compressive 
forces generated by the clamping system. Copper, steel, SiFe and paper/pressboard are the main 
building materials of a power transformer winding structure. Among them, mechanical 
characteristics of copper, steel and SiFe can be accurately modelled using the inbuilt linear 
isotropic material models available in almost all of the commercial FEM software packages. 
The material properties listed in Table 5.2 were used.  
Table 5.2 Material properties of steel, copper and SiFe 
Property Copper+ Steel+ SiFe 
Density (kg/m3) 8960 8050 7611 
Modulus of Elasticity (GPa) 117 200 
180* 
1.8** 
Poisson’s Ratio 0.355 0.303  
Coefficient of Thermal expansion (K-1) 1.8×10-5 1.2×10-5 
Thermal conductivity (Wm-1K-1) 401 60.5  
+ - isotropic materials, * - In-plane direction, ** - out-of-plane direction  
A material model which can simulate the nonlinear through-thickness compression behaviour 
of pressboard is not available. However, as discussed in Chapter 3, it is possible to decouple 
the in-plane and through-thickness deformations of pressboard. Further, under transformer 
operating conditions, pressboard parts are under strong through-thickness compressive loads. 
The purpose of the study presented in this thesis is to investigate the relationship between 
pressboard compressibility and transformer winding clamping pressure. There are various 
material models available within FEM simulation tools. A gasket material model is a material 
model that can be characterised using experimental compressive stress-strain characteristics of 
gasket material. It is available in almost all of the commercial FEM software tools. Similar to 
pressboard parts in a transformer winding, gaskets are also meant to operate under through-
thickness compressive loads. Hence usually in FEM simulations of gasket bodies, their out of 
plane and in plane deformations are decoupled and the latter is neglected. Therefore, 
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considering the similarities between the two materials, gasket material model was used to 
model the compression behaviour of pressboard parts in FEM based simulations. A detailed 
description of the application of gasket material model for modelling pressboard is presented 
in the following section. 
 Pressboard material model 
(a) Pressboard vs Gaskets 
Pressboard is an extremely anisotropic polymeric material with a highly nonlinear through-
thickness compressive stress-strain relationship as shown in Figure 5.6. Typically, the stiffness 
of pressboard in the machine direction can be about 5 times higher than the cross-machine 
direction and about 100 times higher than that of the through-thickness direction. As a result, 
it is reasonable to assume that the through-thickness Poisson’s ratio of pressboard is close to 
zero [93]. Hence, in numerical simulations, deformations in through-thickness and in-plane 
directions of pressboard can be decoupled [93]. Further, pressboard bodies such as clamping 
rings, clamping blocks and key spacers in a power transformer winding mainly experience 
through-thickness compressive forces throughout their lifetime. Among in-plane and through-
thickness deformations of pressboard parts, the latter has the most significant impact on 
winding clamping pressure. Therefore, a material model that neglects the in-plane deformations 
can still be used to calculate the compressive stresses in a transfomer winding clamping system 
accurately in FEM simulations [115-118].  
In typical applications, gaskets are used as sealing components between two parts of a 
mechanical structure. Further, as gaskets transfer the forces between the connecting structural 
components during nominal operating conditions, they are always under compressive loads. 
When subjected to compressive loading, typical gasket materials exhibit high nonlinearity as 
illustrated in Figure 5.7. Further, due to the anisotropic nature of gasket material and a low 
Poisson's ratio under typical applications, primary deformation of gasket bodies is restricted to 
the through-thickness direction in FEM simulations [116, 119]. Further, the stiffness 
contribution from in-plane and transverse shear components are also generally neglected. 
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Figure 5.6 Through-thickness compressive stress-strain characteristics of pressboard. 
 
Figure 5.7 Pressure vs deflection characteristics of a typical gasket material [115]. 
As illustrated in Figures 5.6 and 5.7, compressive stress-strain characteristics of pressboard and 
gasket materials exhibit similar behaviour. Further, the gasket material model is used in FEM 
based simulations to simulate the through-thickness deformations of gasket bodies. Also, the 
gasket material model can be characterised to simulate gaskets with different mechanical 
properties using experimental through-thickness compressive stress-strain data. Therefore, the 
gasket material model was adopted to simulate the through-thickness compressive 
deformations of the pressboard parts in transformer winding structures.   
(b) Modelling pressboard using gasket material model 
The gasket material model available in ANSYS requires the experimental stress-strain data in 
the form of pressure-closure curves. Here, pressure refers to the stress normal to the gasket 
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surface (ZD) and closure is the relative displacement between the top and bottom surfaces of 
the gasket body as in 5.1 In other words, closure represents the thickness of the gasket body as 
illustrated in Figure 5.8. In 5.1, Utop and Ubottom represent the displacement of top and bottom 
surfaces. 
 top bottomclosure U U= −   5.1 
Closure
 
Figure 5.8 Closure of a gasket body in through-thickness direction. 
Through thickness compression behaviour of gasket materials are temperature dependent 
[120]. To consider the temperature dependency of the gasket material, total deformation (Utotal) 
is represented as 5.2, 
 total m t objU U U h= + +   5.2 
where, 
Um - closure caused by applied mechanical stress 
Ut - change in closure due to free thermal expansion 
hobj – Initial thickness of the gasket body. 
Further, the free thermal expansion is defined as in 5.3,   
   tU T hα= ×∆ ×   5.3 
In 5.3,α , T∆  and h  are coefficient of thermal expansion, absolute temperature change and 
free thickness of the gasket body respectively. 
The experimental data as presented in Chapter 4 will be used to characterise the pressboard 
under different operating conditions are stress-strain relationships. Therefore, experimental 
data needs to be converted into closure – pressure data. The experimental compressive strain 
values can be directly used as the closure values. Compressive strains were converted into 
closure values using 5.4.  
 ( )1objclosure h ε= −   5.4 
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Here, objh  and ε  represent the initial thickness of the pressboard body and strain value 
respectively.  
Not only compressive stress-strain behaviour but also the coefficient of thermal expansion 
(TEC) and thermal conductivity (k) of pressboard are required for the FEM simulations. 
Therefore, material data listed in Table 5.3 along with the experimental pressure-closure curves 
developed under different moisture, temperature and ageing levels were used to define the 
gasket based pressboard material model for FEM simulations [36]. 
Table 5.3 Material properties of pressboard used for FEM based simulations 
Property Value 
Density 1.14 gcm-3 
Coefficient of Thermal Expansion 9.5×10-5 K-1 
Thermal Conductivity (k) 0.026 Wm-1K-1 
After defining material properties, the dynamic nature of power transformer winding clamping 
pressure of an operating power transformer is studied through structural analysis as presented 
in Section 5.5. 
 Structural Analysis of Transformer Winding 
After defining CAD model and material properties, a static structural analysis module in 
ANSYS mechanical workbench was used to calculate the mechanical stresses in the power 
transformer winding structure under different operating conditions. As the transformer winding 
under consideration has a static clamping system, the height of the winding needs to remain 
unchanged during the simulations. Therefore, a fixed support was applied to the bottom end of 
the winding structure and a constant displacement was set for the top end of the winding 
structure. Further, to simulate the temperature dependency of winding clamping pressure, 
winding temperature was also changed during the simulations when required.  
It should be noted that the transformer winding structure has both linear and nonlinear 
materials. Therefore, the simulation tool modelled the compressive stress-strain characteristics 
of linear and nonlinear materials separately. 
For the components with linear and isotropic material properties, the relationship between 
stress (σ ) and strain (ε  ) can be written as in 5.5.  
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 Dσ ε=   5.5 
Here, D represents the elasticity or elastic stiffness matrix. Further, to simulate the thermal 
expansion and related thermal stresses, ε  is separated into two parts as in 5.6.  
 total thermalε ε ε= +   5.6 
where totalε and thermalε  represent the total strain and thermal strain respectively. Further, thermalε  
can be written as a function of the thermal expansion coefficient (α ) as in 5.7. 
 Tε α= ∆   5.7 
In 5.7, T∆  represents the difference between current temperature (T ) of the body and the 
reference temperature defined by the user ( 0T ) as shown in 5.8. 
 0T T T∆ = −   5.8 
Further, 5.5 and 5.7 can be combined as follows. 
 1thermal Dε ε σ
−= +   5.9 
The flexibility or compliance matrix ( 1D− ) can be written as 
 1
1/ / / 0 0 0
/ 1/ / 0 0 0
/ / 1/ 0 0 0
0 0 0 1/ G 0 0
0 0 0 0 1/ G 0
0 0 0 0 0 1/ G
X XY X XZ X
YX Y Y XZ Y
ZX Z ZY Z Z
XY
YZ
XZ
E v E v E
v E E v E
v E v E E
D−
− − 
 − − 
 − −
=  
 
 
 
  
  5.10 
where, E, v and G are Young’s modulus, Poisson’s ratio and shear modulus respectively. 
Among them, except G, the rest of the parameters are inputs given by the user. Hence, for 
isotropic materials such as copper and steel, 5.11 is used to calculate G from user inputs.  
2(1 v )
X
XY YZ XZ
XY
EG G G= = =
+
                                         5.11 
Finally, the above equations are solved using the principle of virtual work to solve the structural 
problems with linear isotropic materials [115, 121]. 
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With the FEM-based simulation consisting of bodies with nonlinear materials such as gasket 
bodies the above approach cannot be used. Further, as explained before, unlike in other 
nonlinear material models, in gasket modelling experimental through-thickness pressure-
closure curves are used to relate the compressive stresses and strains. Hence, to model such 
bodies a special group of interface elements that decouples the through-thickness deformations 
from in-plane deformations are used (refer Figure 5.9). 
 
Figure 5.9 INTER194-3D-16 node gasket element [115]. 
The above element is composed of only two surfaces i.e. top and bottom. During the solving 
process, a mid-plane is created by averaging the coordinates of the nodes of top and bottom 
surfaces of the gasket element. Then, the principle of virtual work is applied to the element 
using 5.12 to solve the structural problem and calculate the stresses and strains in the gasket 
bodies [115]. 
 
midS
W T d dSδ δ= ∫   5.12 
Here, T, d and Smid represent the force across the element, closure across the element and surface 
of the midplane respectively. Finally, the above method is applied to all the elements in the 
body to solve the structural problem. 
 Validation of Simulation Method 
As explained before, in this research project experimental data presented in Chapter 4 was 
combined with the FEM simulations to investigate the dynamic nature of winding clamping 
pressure of an operating transformer. Hence, accuracy of the FEM simulation can have a 
significant impact on the accuracy of the overall outcome of the project. Therefore, assessing 
the accuracy of FEM-based simulations is vital to establishing a reliable outcome. 
First, the accuracy of the gasket material model of pressboard through-thickness deformation 
modelling was investigated. Then, the accuracy of thermal expansion simulations was also 
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investigated. Finally, the FE model of the transformer winding was validated. For this purpose, 
model analysis was used to dynamically validate the FE model [122, 123]. A detailed 
description of the above validation processes is presented in the next sections. 
 Validation of gasket material model 
 First, the through-thickness compressive stress-strain measurement of a 10 mm × 10 mm × 10 
mm dry, unaged pressboard stack during a compressive load cycle of 00.5 MPa 10 
MPa0.5 MPa were recorded. These measurements were taken from an INSTRON universal 
test machine in a temperature controlled room at 22°C.  The measured data were converted into 
a closure-pressure format using 4.12. The calculated closure-pressure data were used to 
characterise the gasket material model in the ANSYS mechanical workbench to simulate the 
through-thickness compression behaviour of dry, unaged pressboard. To validate the proposed 
material model for pressboard, compressive stress - strain of a 25 mm × 25 mm × 50 mm 
pressboard stack that comprised of 25 pieces of 1.5 mm thick pressboard samples were used. 
In this process the material model was used to simulate the compressive strains of a 25 mm × 
25 mm × 50 mm pressboard sample under four different compressive forces i.e. 1 kN, 3 kN, 5 
kN and 6 kN. The compressive strains of the same pressboard stack under 1 kN, 3 kN, 5 kN 
and 6 kN applied along its thickness was measured using the aforementioned setup. Further, 
the thickness reduction of the pressboard sample after a compressive load cycle of 00.5 MPa 
10 MPa0.5 MPa was also measured using laboratory experiments and calculated using FE 
simulations. The comparison between simulated and measured results are presented in Table 
5.4. 
Table 5.4  Comparison between measured and simulated results  
Force 1000 N 3000 N 5000 N 6000 N 
Strain (mm/mm) 
Simulation 0.0231 0.0447 0.0593 0.0658 
Experiment 0.0233 0.045 0.059 0.0653 
Error (%) 0.9 0.7 0.50 0.8 
Thickness reduction after the load cycle 
(00.5 MPa 10 MPa0.5 MPa) 
Simulation 1.209 mm 
Experiment 1.269 mm 
Error -4.7% 
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The results listed in Table 5.4 reveal that the percentage errors between simulated and measured 
strains is less than 0.9% for all considered cases. Moreover, simulated residual strain of a 
pressboard stack after the load cycle is also in good agreement with measured values. 
Therefore, from the results it can be stated that the proposed material model is capable of 
accurately simulating the through-thickness deformations of pressboard parts in a transformer 
winding structure. 
 Validation of thermal expansion  
Among moisture, ageing and temperature, the latter is the most dynamic parameter. Further, 
temperature is the only dynamic parameter in the simulation method proposed in Section 5.2. 
Therefore, the accuracy of the FEM simulations in simulating the temperature dependency of 
pressboard mechanical properties on winding clamping pressure was investigated. For this 
purpose, measured and simulated stress-strain data of a pressboard sample clamped in a 
specially designed device was used. 
 
Figure 5.10 Pressing system with pressboard stack. 
First, the 25 mm× 25 mm × 50 mm dry, unaged and mineral oil impregnated pressboard stack 
was clamped in a static clamping system shown in Figure 5.10. The clamping system is fitted 
with an Omega LCMGD-20kN-TC2 load cell to measure the clamping force applied on the 
pressboard stack. First, a stabilizing force of 6.25 kN (10 MPa) was applied on the stack at 
room temperature for 72 hours. After the sizing process, a temperature-controlled oven was 
used to change the sample temperature. The oven temperature was first increased to 500C and 
then to 800C and the corresponding changes in the clamping force were recorded. Throughout 
the experiment, the sample was immersed in mineral oil to prevent unwanted moisture ingress. 
The temperature dependent variations of the clamping force measured through the load cell are 
illustrated in Figure 5.11. 
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Figure 5.11 Effect of temperature on clamping force. 
Secondly, a steady state structural-thermal simulation in ANSYS was used to calculate the 
impact of temperature variations on clamping force of a pressboard stack clamped in a static 
clamping system. The pressboard material model was defined according to the method 
described in Section 5.4.1. For the thermal simulations, thermal expansion coefficient (TEC) 
and thermal conductivity (k) of pressboard are required. From existing literature, it was 
identified that the TEC of pressboard is in the range 7 × 10-5 K-1 to 13 × 10-5 K-1 [9, 124]. On 
the other hand, to calculate the best k value of pressboard, linear and parallel thermal 
conductivity models that have been proposed in [125] were used. The k value used in FEM 
simulations is 0.026 Wm-1K-1. Finally, the results of laboratory investigations shown in Figure 
5.11 were compared with the results of FEM simulations. 
Comparison between experimental and simulated temperature dependent variations in 
clamping force is presented in Table 5.5. According to the data in Table 5.5, percentage error 
between simulation and experimental results show an increasing trend with increasing 
temperature. The k of cellulose products is density dependent [125]. Further, the TEC of 
pressboard is also density and temperature dependent [20]. However, due to the lack of 
information on k and TEC of high density pressboard, a constant k and TEC were used in the 
simulations. Therefore, it was assumed that the increasing trend in percentage error values with 
increasing temperature in Table 5.5 is due to the use of constant k and TEC values. However, 
considering the overall result, it can be stated that FEM simulation results are in good 
agreement with the experimental results. 
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Table 5.5 Comparison between measured simulated clamping forces at different temperature 
levels 
Temperature 
Clamping Force (kN) 
Measured Simulated % error 
200C 4.87 4.87 0 
500C 5.147 5.150 0.06 
800C 5.170 5.4 4.5 
 
 FE modal validation using experimental modal analysis 
Experimental Modal Analysis (EMA) is the process of extracting modal parameters i.e. natural 
frequencies, damping ratios and mode shapes of a mechanical structure. The most common and 
widely used way of performing EMA is by a point force excitation. This point force is typically 
a mechanical impulse applied using an impact hammer. Then the impulse response of the system 
is measured using accelerometers [126]. The number of accelerometers required is decided 
based on the complexity of the system under test. Then the relationship between vibration 
responses  at location xi, due to point force excitation  at point xk, can be written 
as 4.21 [127], here is the frequency response function (FRF) between points xi and 
xk.  
   5.13 
After calculating the FRF of the system, modal parameters i.e. natural frequencies (square root 
of eigenvalues), mode shapes (eigenvectors) and damping ratios can be calculated [128]. 
In this experiment, a PCB PIEZOTRONICS model 086C02 impulse hammer was used to excite 
the transformer winding. Corresponding mechanical vibrations were captured from 8 points of 
the transformer winding using PCB PIEZOTRONICS model 338B35 general purpose, single 
axis accelerometers. The clamping arrangement shown in Figure 5.12 was used to mount the 
accelerometers on the winding discs. 
( | )iv x ω ( | )kF x ω
( , | )M i kH x x ω
(x | ) (x , x | ) (x | )i M i k kv H Fω ω ω=∑
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Figure 5.12 Accelerometer mounted on the winding disc to measure axial vibration signals. 
First fifteen natural frequencies of the test transformer winding structure extracted from 
experimental modal analyses and FEM-based simulations are presented in Table 5.6. From the 
results, it can clearly be seen that the measured and simulated natural frequencies are in good 
agreement.  
Table 5.6 Simulated and Measured Natural frequencies of the test transformer winding 
structure 
 
Natural Frequency (Hz) 
Mode FEM EMA Error (%) 
1 56.612 48.83 -13.74 
2 58.34 63.48 8.80 
3 70.99 70.80 -0.27 
4 72.95 - 100 
5 73.61 - 100 
6 79.08 83.01 4.95 
7 115.02 113.53 -1.29 
8 121.18 118.41 -2.28 
9 122.96 122.07 -0.72 
10 134.08 133.06 -0.76 
11 134.38 -0.98 
12 134.85 -1.33 
13 145.34 145.26 -0.05 
14 188.46 187.99 -0.25 
15 373.81 366.21 -2.03 
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                        Mode 10- 134.08 Hz                         Mode 11 – 134.38 Hz                Mode 12 – 134.85 Hz  
Figure 5.13 Mode shapes of 10th, 11th and 12th natural frequencies. 
Further, from Table 5.6 it can be seen that FEM results contain three modes with very close 
natural frequencies i.e. 134.08 Hz, 134.38 Hz, 134.85 Hz at 10th, 11th and 12th modes 
respectively. However, EMA results have only one mode at 133.06 Hz. To check the physical 
existence of these three modes, mode shapes of the winding structure was used. From the mode 
shapes shown in Figure 5.13, it can be seen that the 10th, 11th and 12th modes actually exist and 
are caused by the vibrations of each phase of the transformer winding. Further, it should be 
noted in Table 5.6 that some natural frequencies such as 4th and 5th modes (70.9 Hz and 73.6 
Hz) are only visible in the FEM results. Hence, one can suggest that the sensitivity of the FEM 
method is higher than the EMA method. Moreover, from Table 5.6 it can be seen that the error 
between measured and modelled natural frequencies correspond to Mode 1 is significantly 
higher (13.7%). It was assumed that above significantly higher error is also caused by the 
relatively low sensitivity of the EMA method compared to FEM simulations in extracting the 
natural frequencies. Finally, the close correlation between modelled and measured natural 
frequencies validates the FE model of the test transformer and the method used to construct it. 
 Simulating the Static Clamping System in FEM 
In the EMF simulations, clamping pressure was applied on the winding structure by directly 
applying a suitable axial load as shown in Figure 5.14. Pressure, force and displacement are 
the types of loads available in the static structural simulation environment of ANSYS that can 
be used to generate the winding clamping pressure. However, throughout the simulations the 
height of the compressed winding needs to remain unchanged. Therefore, instead of applying 
a pressure or force load in -Z direction, axial displacement of the winding in -Z direction was 
defined in the FEM software. 
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Figure 5.14 Winding geometry and the Cartesian coordinate system. 
As the first step, the magnitude of the axial displacement required to generate desired winding 
clamping pressure was calculated. For this purpose, required clamping pressure was applied on 
the winding structure and the axial deformation of the winding along -Z direction was 
calculated. Then the height reduction of the winding under the compressive load is applied to 
the winding structure as a displacement load.  
 Summary 
This chapter presents a detailed description of the finite element modelling based simulation 
method proposed to investigate the dynamic nature of winding clamping pressure of an 
operating transformer. A simplified version of the 100 kVA test transformer winding was used 
to form the analysis. Linear isotropic material models were used for defining the stress-strain 
characteristics of copper, steel and SiFe. However, a material model that decouples the in-plane 
and through-thickness deformations and neglect the in-plane deformations was used for 
simulating the through-thickness compressive deformations of pressboard. Further, the 
proposed material model can be characterised using the experimental compressive stress-strain 
characteristics of pressboard.  
A set of laboratory investigations were used to validate the pressboard material model and FEM 
simulation method. Comparison between laboratory investigations and FEM simulation results 
revealed that both the pressboard material model and the FE simulation method are capable of 
simulating through-thickness deformations of pressboard parts with reasonably good accuracy. 
Finally, the natural frequencies of the transformer winding calculated using EMA and FEM 
were used to validate the simplified FE model and the assumptions made during model 
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simplifications. Overall, it was found that the proposed pressboard material model, FE 
simulation method and simplified FE model of the test transformer is well suited for 
investigating the dynamic behaviour of winding clamping pressure of an energised transformer. 
The results of FEM-based simulations are presented in Chapter 6 of this thesis. 
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Winding clamping pressure of an operating 
transformer [98, 99, 101] 
 Introduction 
According to Chapter 2, a strong correlation between winding clamping pressure and the axial 
compression behaviour of a transformer winding exists. As per the experimental results 
presented in Chapter 4, through-thickness compression behaviour of pressboard is highly 
sensitive to transformer operating parameters i.e. temperature, moisture content and ageing 
level of pressboard. As about 30% of the total height of a typical power transformer winding 
is made of pressboard, the overall axial compression behaviour of a transformer winding is 
decided by the through-thickness compression behaviour of its pressboard parts. Therefore, it 
can be expected that the winding clamping pressure of a power transformer is sensitive to its 
operating parameters. 
Existing literature clearly indicates that power transformer winding clamping pressure is 
moisture, temperature and ageing dependent [8, 9]. Based on their findings, winding clamping 
pressure tends to increase with increasing temperature and moisture content. On the other hand, 
solid insulation ageing is responsible for the progressive loss of winding clamping pressure. 
However, none of the publicly available literature provides adequate information to understand 
the dynamic nature of the winding clamping pressure of an operating power transformer. This 
lack of understanding has prevented the development of a reliable condition monitoring 
technique that can detect loose clamping conditions of field installed power transformers [98, 
113, 129].  
To fill the above knowledge gap, a comprehensive investigation on the dynamic behaviour of 
the winding clamping pressure of an operating transformer was conducted. A set of laboratory 
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investigations and FEM based simulations were used in the above study. Using laboratory 
investigations, influence of moisture, temperature and ageing of pressboard on a static 
clamping system was investigated. Then, the dynamic behaviour of the winding clamping 
pressure of a 100kVA test transformer winding was simulated using the FEM simulation 
method proposed in Chapter 5. The measured compressive stress-strain data of pressboard 
presented in Chapter 4 was utilised to simulate the pressboard compressibility under various 
transformer operating conditions. The results of laboratory investigation and FEM simulations 
are discussed in the following sections of this chapter4. 
 Dynamic Operating Parameters of a Power Transformer Winding 
Structure 
Electric energy demand of the power system frequently changes causing load fluctuations in 
substation transformers. The primary cause of heat generation in a power transformer is copper 
loss. Figure 6.1 illustrates the fluctuations in the load and the cooling water temperature of a 
50 MVA power transformer over a period of 160 hours. Cooling water temperature has a 
correlation with the winding temperature. Hence, based on Figure 6.1, it is evident that winding 
temperature of a power transformer frequently varies with its load fluctuations. 
Moisture is another operating parameter that varies throughout the transformer lifetime. Direct 
moisture ingress from the atmosphere and moisture generated as a by-product of cellulose 
decomposition are the main sources of moisture in transformer insulation [53]. Hence, moisture 
content in the insulation system of a transformer gradually increases with age [53, 130, 131]. 
However, compared to temperature fluctuations, moisture ingress into pressboard is a slow 
process. 
While in service, pressboard parts of a transformer winding age due to electrical, thermal and 
chemical activities [132]. Among fluctuations in temperature, moisture ingress and pressboard 
ageing, the latter is the slowest process. Cellulose chains in pressboard rupture with ageing. 
                                                 
4 This chapter has significant materials from the following articles published by the PhD candidate 
• Lakshitha Naranpanawe, C. Ekanayake, T. K. Saha, and P. K. Annamalai, "Influence of moisture 
dependency of pressboard on transformer winding clamping pressure," IEEE Transactions on Dielectrics 
and Electrical Insulation, vol. 24, pp. 3191-3200, 2017. 
• Lakshitha Naranpanawe, C. Ekanayake, and T. Saha, "Temperature dependent mechanical properties of 
pressboard in transformer winding structure," in IEEE Conference on Electrical Insulation and Dielectric 
Phenomenon, pp. 149-152, 22-25 Oct. 2017, Fort Worth, TX, USA. 
• Lakshitha Naranpanawe, T. Saha, and C. Ekanayake, "Moisture and temperature effects on power 
transformer winding clamping pressure," in IEEE PES Asia-Pacific Power and Energy Engineering 
Conference, pp. 74-78, 25-28 Oct. 2016, Xi’an, China. 
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Hence, unlike temperature fluctuations and moisture ingress, ageing is a non-reversible process 
that significantly impacts on the mechanical strength of pressboard [54]. 
 
Figure 6.1 Variation of cooling water temperature (measured at the cooling water outlet) of a 
50 MVA transformer with loading [130]. 
As described in Chapter 4, mechanical properties of pressboard, more importantly, the through-
thickness compression behaviour is highly sensitive to transformer operating parameters. With 
the changes in operating parameters, thermal expansion, thermal softening, hygroscopic 
swelling, hygroscopic softening and degradation of mechanical strength occurs. With the above 
processes, both axial compression behaviour and the height of the transformer winding tend to 
change over time altering the winding clamping pressure. The results of laboratory 
investigations and FEM simulations are presented in the following sections of this chapter. 
 Laboratory Investigations on Pressboard Stacks 
Influence of moisture, temperature and ageing dependency of pressboard mechanical properties 
on a static clamping system was investigated using laboratory experiments. The static clamping 
device shown in Figure 6.3 was used to simulate the behaviour of a static winding clamping 
system during the laboratory investigations. The clamping system shown in Figure 6.3 consists 
of two clamping plates, two tie rods and a load cell. As illustrated in Figure 6.3, during the 
experiment pressboard samples were clamped between the clamping plates. While clamping a 
pressboard stack, first the bolts located above the upper clamping plate were tightened. Once the 
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required clamping pressure was applied on the pressboard stack, the bolts located underneath the 
upper clamping plate were used to restrict the vertical movement of the clamping plates. The 
clamping pressure is measured using an Omega LCMGD-20kN load cell, which has an operating 
temperature range up to 120oC. A load cell was connected to a computer through an IN-USBH 
signal conditioning unit to record the compressive load data. All the pressboard samples used in 
this experiment were mineral oil impregnated, pre-pressed pressboard samples. The sample 
dimensions were equal to those used for the compressive stress-strain measurements. 
 
Figure 6.2 Static clamping device used to apply the clamping force on pressboard samples. 
To change the moisture content, temperature level and ageing level of the pressboard under 
controlled conditions, the arrangements shown in Figure 6.5 were used. Among them, in setup 
A, pressboard samples were immersed in dry mineral oil to prevent unwanted moisture ingress. 
Hence, it was used to change the sample temperature, and ageing level at constant moisture 
content. Setup B was used to change the moisture content of the pressboard clamped in the 
static clamping system.  
 
To investigate the temperature dependency of clamping pressure, the arrangement shown in 
Figure 6.3 (a), with dry, unaged and a pre-pressed pressboard stack was placed in a temperature 
controlled oven. First the oven temperature was set to 50°C. After 48 hours the oven 
temperature was increased to 110°C for 24 hours and reduced back to 50°C. After keeping at 
50⁰C for another 36 hours, the same temperate cycle was applied.  
The significance of moisture ingress to pressboard on a static clamping system was 
investigated. First, dry, unaged pressboard stacks were clamped in two setups similar to Figure 
6.3 (a). Both setups were initially kept for about 50 hours at room temperature. Clamping 
pressure was continuously monitored to identify any stress-relaxation behaviour. After 50 
hours, mineral oil was drained from one container and a saturated NaCl salt solution was placed 
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inside it as shown in Figure 6.3 (b). Then the temperature of both setups was increased to 50⁰C. 
At 50⁰C, saturated the NaCl solution regulated the relative humidity inside the container to 
74% allowing stack B to absorb moisture. The temperature of the test setups was maintained 
at 50°C for about 250 hours. To investigate the effect of moisture and temperature on the 
clamping pressure, a temperature cycle of 50⁰C80⁰C50⁰C was applied on both stacks.  
Dry Mineral 
Oil
Clamping 
device with 
pressboard 
stack
Saturated 
salt solution
Sealed steel 
containerStack A
(b)(a)
Stack B
 
Figure 6.3 Test arrangement used for understanding the moisture dependency of the clamping 
pressure applied on a pressboard stack through a static clamping system. 
During the ageing experiment, a 4% wet, pre-pressed pressboard stack was clamped in the 
setups illustrated in Figure 6.3 (a). The setup was then kept in a temperature controlled oven at 
room temperature for 30 days for further stabilizing to eliminate the influence of stress 
relaxation on the results of the ageing experiment. Then the dry pressboard stack was subjected 
to an accelerated thermal ageing at 110⁰C for 250 hours. Throughout the process, clamping 
pressure was recorded at a sampling rate of 12 samples per hour. 
 Influence of temperature on the clamping pressure 
Variations in the clamping pressure applied on a dry pressboard stack through a static clamping 
system with changing temperature are presented in Figure 6.4 and Table 6.1. As listed in Figure 
6.4, the clamping pressure increased by 88% from 4.2 MPa and 120% from 3.28 MPa due to 
the first and second 50°C - 110°C temperature rise respectively. Further, it should be noted that 
a progressive loss of clamping pressure is visible throughout the experiment. The rate at which 
the clamping pressure decreased is higher at higher temperature levels compared to low 
temperature levels. For an example, in the 1st temperature cycle the rate of change of clamping 
pressure is -40 Pa/min and -576 Pa/min at 50°C and 110°C respectively. As per Table 6.1 the 
rate of change of clamping pressure at 110°C decreased during the 2nd temperature cycle. 
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Further, a residual stress can be observed at the end of each temperature cycle. The 1st 
temperature cycle contributed to a 30% decrease in clamping pressure (4.2 MPa to 3.4 MPa) 
while that of the second temperature cycle was 9% (3.28 to 2.97 MPa). 
 
Figure 6.4 Effect of temperature on the clamping pressure of the dry pressboard stack 
clamped in a static clamping device. 
Table 6.1 Comparison between the behaviour of clamping force during the first and second 
temperature cycles 
 
1st temperature 
cycle 
2nd temperature 
cycle 
Initial clamping pressure 4.19 MPa 3.28 MPa 
Maximum clamping pressure 7.9 MPa 7.17 MPa 
Percentage increase in clamping pressure 88% 120% 
% loss of clamping pressure after temperature 
cycle 30% 6% 
Rate of change of clamping pressure -576 Pa/min -192 Pa/min 
The increased compressive stress and thermal softening of pressboard is the most likely 
explanation for the increased rate of change of clamping pressure at 110°C. When the experiment 
progressed, pressboard became more stable i.e. pressboard structure became densely packed. 
This stabilizing of pressboard is the key reason behind the observed decrease in the rate of change 
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of clamping pressure towards the end of the experiment. Overall, it can be observed that 
temperature dependency of pressboard mechanical properties had a significant impact on the 
clamping pressure generated by a static clamping system.  
 Influence of moisture absorption on the clamping pressure 
Variation of the clamping pressure applied on a pressboard stack through a static clamping 
system with moisture absorption to pressboard is illustrated in Figure 6.5. At T1, clamping 
pressure of both samples increased by about 35% due to the 30⁰C temperature rise. In between 
T1 and T2 clamping pressure of stack A decreased at a rate of 32 Pa/min while that of stack B 
increased at a rate of 240 Pa/min. As a result, at T2 clamping pressure on stack A and stack B 
were recorded as 3.48 MPa and 7.51 MPa respectively.  
 
Figure 6.5  Effect of moisture content on the clamping pressure on pressboard stacks clamped 
in a static clamping device. 
At T2 with the increase of temperature, clamping pressure of stack A and stack B increased by 
about 40% and 8.5% respectively. At 80°C, the clamping pressure of stack A (dry sample) 
gradually decreased at a rate of 0.2 N/min. In contrast, at 80°C, clamping pressure of stack B 
(wet sample) suddenly dropped by 10% making it 2.5% lower than the clamping pressure on 
the pressboard stack before increasing the temperature at T2. After that, the clamping pressure 
of stack B increased at a rate the same as at 50°C until T3. Then at T3 clamping pressure of both 
pressboard samples decreased due to the temperature drop. Further, it can be seen that after the 
temperature cycle, clamping pressure of both pressboard stacks decreased permanently. Then 
at T3, due to 30⁰C temperature drop, clamping pressure of stack A and stack B decreased by 
32% and 23% respectively. After T3, at 50⁰C, clamping pressure of stack B remained almost 
0
1
2
3
4
5
6
7
8
9
0 50 100 150 200 250 300 350 400 450 500
Cl
am
pi
ng
 P
re
ss
ur
e 
(M
Pa
)
Time (hrs.)
Stack A
Stack B
50⁰C 80⁰C 50⁰C20⁰C
0.5% Moisture
~5% Moisture
T1 T2 T3
 101 
 
constant. However, clamping pressure of stack B showed a sharp increase of about 20%, 
followed by a progressive increase in clamping pressure.  
By comparing the clamping pressure-temperature curves corresponding to Stack A and Stack 
B, presented in Figure 6.5, one can state that the influence of pressboard stress-relaxation on 
clamping pressure has been overshadowed by the effect of moisture dependency of pressboard 
mechanical properties. Further, it can be stated that clamping pressure of a static clamping 
system is highly moisture dependent. Moreover, temperature dependency of clamping pressure 
on dry and wet pressboard is different. 
 Influence of ageing on clamping pressure 
The variation of the clamping pressure applied on a pressboard stack through a static clamping 
system during the ageing experiment is illustrated in Figure 6.6. The initial and final DP values 
of the pressboard sample were around 1243 and 600 respectively. From the Figure, it can 
clearly be seen that clamping pressure generated by a static clamping system decreases with 
pressboard ageing.  Further, it can also be seen that rate of change of clamping pressure with 
DP value is higher at higher DP values. With the decrease of DP values (i.e. ageing of 
pressboard) rate of change of clamping pressure with DP decreases. Hence, one can state that 
the winding clamping pressure of transformers with pressboard with relatively higher DP levels 
is more sensitive to ageing than those with aged pressboard. 
 
Figure 6.6 Effect of ageing on the clamping pressure on pressboard stack clamped in a static 
clamping device. 
 Compressive stress-strain behavior of pressboard and clamping pressure 
The results of laboratory investigations revealed that changes in temperature, moisture content, 
and ageing level of pressboard have a significant influence on the clamping force generated by 
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a static clamping system. According to the laboratory investigations presented in Chapter 4, 
through-thickness compressibility of pressboard is highly temperature, moisture and ageing 
dependent. Apart from the compressibility, thickness of pressboard is also moisture and 
temperature dependent. Hence, the changes in compressibility and thickness of pressboard is 
the root cause behind the moisture, temperature and ageing dependency of a static clamping 
system observed in Figures 6.4 to 6.6.  
a) Temperature rise and moisture absorption 
Figure 6.7 illustrates a sketch of the typical variations of compressive stress-strain curves of 
pressboard during moisture absorption and temperature rise. The figure was created 
considering the experimental data presented in Chapter 4. According to Chapter 4, through-
thickness compressibility of pressboard increases with moisture absorption and temperature 
rise. In other words, the stress-strain curve of pressboard shifts toward the increasing strain 
direction with an increase of temperature and moisture content. Therefore, among four stress-
strain curves in Figure 6.7, C₁ and C₄ represent the stress-strain curves corresponding to the 
stiffest and softest pressboards respectively.  
 
Figure 6.7 Variation of compressive strains and corresponding stresses due to softening of 
compressive-stress strain curves and through-thickness expansion of pressboard. 
First, assume C₁ is the compressive stress-strain curve of the pressboard corresponding to the 
initial state. The initial compressive strain and stress of the pressboard stack are Ɛ₁ and σ₁ 
respectively. The relationship between Ɛ₁ and σ₁ can be written as in 6.1 
 1 1( )Cfσ ε=   6.1 
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where, 1Cf is the stress-strain relationship corresponding to C₁. Now assume pressboard 
undergoes a process that makes pressboard softer while increasing the thickness i.e. 
temperature rise, moisture ingress or both. The stress-strain curve corresponding to the new 
state is C₂. If the strain of the pressboard part is allowed to be changed, it will increase by ΔƐ1 
changing the compressive stress to σ2.  
 2 1 2 2( )cfσ σ σ ε= + ∆ =   6.2 
Where, σ∆  is the thermal or hygroscopic stress and can be written as 6.3 
 2 2 1( )cfσ ε ε∆ = −   6.3 
here, 2cf  is the stress-strain relationship defined by C₂. However, compared to the stiffness of 
pressboard, that of the steel, which is the building material of the clamping structure, is an order 
of magnitude higher. Further, the thermal expansion coefficient (TEC) of pressboard (9.5×10-
5 K-1) is about ten times lower than that of steel (1×10-5 K-1).  Therefore, it was assumed that 
the static clamping arrangement considered in this project maintained a constant strain (Ɛ₁) 
throughout the experiments. Hence, irrespective of the pressboard condition, compressive 
stress is only allowed to be changed along a vertical line at Ɛ₁. Therefore, the new operating 
point of the pressboard stack on the stress-strain plane will move to point “B” from point “A” 
as illustrated in Figure 6.7. 
Similarly, with further softening, compressive stress on the considered pressboard part tends 
to change to points C, and D. It should be noted that σ₁< σ₂ < σ₃ > σ₄. Hence, depending on the 
condition of the pressboard, both increasing and decreasing trends in clamping force can be 
expected with increasing temperature and moisture content. Further investigation on this 
phenomenon was conducted using FEM simulations and simulation results are presented in 
Section 6.4. 
b) Ageing of pressboard 
Ageing of pressboard is another factor that increases the compressibility of pressboard. 
However, unlike with temperature and moisture changes, the thickness of pressboard samples 
remains unchanged during the ageing process. Figure 6.8, is a sketch that represents the typical 
variations of pressboard through-thickness compressive stress-strain curves with ageing. The 
figure was created based on the experimental stress-strain curves of pressboard presented in 
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Chapter 4. In Figure 6.8, curves C₁ and C₄ are the stiffest and softest stress-strain curves 
respectively. Hence, C₄ and C₁ are stress-strain curves corresponding to the most and least 
aged pressboard samples respectively.  
 
Figure 6.8 Variation of compressive stresses due to softening of through-thickness 
compressive stress-strain curves of pressboard under a constant strain and temperature. 
The pressboard sample is initially in a state that has a compressive-strain curve represented by 
C₁. The pressboard part is clamped in the static clamping system with a strain of Ɛ₁ and the 
corresponding stress is σ₁. Assume an ageing process that changes the compressive stress-
strain curve of pressboard from C₁ to C₂. As a result, the compressive stress on the sample 
changes from σ₁ to σ₂. Similarly, with further ageing, clamping pressure tends to further 
decrease to σ₃ and σ₄. Therefore, it can be stated that the compressive stress on a pressboard 
part clamped in a static clamping system tends to decrease with ageing as witnessed during the 
ageing experiment (Figure 6.6). 
 Moisture, temperature and ageing dependency of the clamping pressure of a 
transformer winding 
In a typical power transformer winding, both compressibility and thickness of paper and 
pressboard are sensitive to changes in temperature, moisture content, and ageing level. Among 
them, linear thermal expansion is a phenomenon that has an influence on the thickness of 
copper parts in a transformer winding during normal operating conditions as in 6.4.  
 ( )1 0 1 TL L α= + ∆     6.4 
where, 0L  , 1L , T∆  and α are the initial thickness, thickness after temperature change, 
temperature change and TEC. Further, TEC of copper and pressboard (through-thickness) are 
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1.7×10-5 and 9.5×10-5 K-1 respectively. Hence, considering the significant difference between 
TECs, it can be stated that compared to thermal expansion of copper, that of pressboard is 
significantly (about 6 times) higher [9].  
Among, copper and pressboard, the latter dominates the response of the winding structure to 
changes in temperature, moisture content and ageing. Hence, a similarity between the 
laboratory test results and operating parameter dependent fluctuations of winding clamping 
pressure of a practical transformer can be expected. However, unlike in the laboratory 
investigations, moisture, temperature and ageing levels of practical power transformer 
windings change simultaneously. Hence, the result of laboratory investigations may not reflect 
the exact behaviour of the clamping pressure of a real power transformer winding under typical 
operating conditions.  
 Clamping Pressure of a Transformer in Operation  
This section aims to discuss the results of FEM simulations conducted to investigate the 
dynamic nature of the winding clamping pressure of an operating transformer. The simulations 
were formulated according to the information given in Chapter 5. To simulate different 
pressboard conditions, experimental data of pressboard compressibility presented in Chapter 4 
was used. As the test subject, the 100kVA, 10.5/0.4kV disc type test transformer winding 
discussed in Chapter 5 was used. The above test transformer was selected for the simulation 
due to, 
(a) availability of its structural information required to create an accurate FE model 
(b) less complicated winding structure which requires lower computational power for FEM 
simulations  
(c) close resemblance of a scaled down substation transformer as given in Table 6.2. 
Table 6.2 Comparison between a typical substation transformer winding and the test 
transformer winding 
 Typical substation transformer 
Test transformer 
winding 
High voltage winding type Disc, Helical Disc Low voltage winding type Layer 
Liquid insulation type Mostly mineral oil  Mineral oil 
% of height of cellulose parts in the winding 30%-35% [25] 25% 
Clamping type Static Static 
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 Selection of transformer operating conditions for FEM simulations  
Results of moisture and DP measurements of pressboard parts conducted during post-mortem 
investigations of substation transformers are listed in Tables 6.3 and 6.4 [133]. According to 
the results, it can be seen that ageing of pressboard and moisture absorption are linked together. 
In general, the insulation system of an aged power transformer contains more moisture than 
that of an un-aged transformer.  
Table 6.3 Data on moisture content of substation transformers presented in reference [133] 
Year - 
Manufactured 
Age (years) Ratio[kV/kV] Power 
[MVA] 
Moisture 
content (%) 
1967 44 110/21 25 2.7 
1941 68 110/40 40 3.9 
1977 35 27/10.5/10.5 76 2.1 
1977 35 27/10.5/10.5 76 2.2 
1977 35 27/10.5/10.5 76 2.1 
1977 35 27/10.5/10.5 76 2.2 
1973 37 425/27 970 1.8 
1972 36 245/21 500 3.3 
 
Table 6.4 Data on DP values of retired power transformers presented in reference [133] 
Year - 
Manufactured 
Age 
(years) 
Power [MVA] Average DP 
1970 35 110 250 
1970 35 380 218.9 
1981 27 200 584.3 
1967 42 360 636 
1976 33 740 605 
1974 35 740 733.3 
1974 36 740 746.8 
1970 40 90 519.3 
1970 43 90 438 
1973 37 970 465 
1985 27 780 714 
1985 28 780 801 
1980 33 750 935 
1972 36 500 763 
1977 35 76 734.7 
1977 35 76 841.1 
Based on the data presented in Table 6.3 it can be seen that the average moisture level in solid 
insulation parts of power transformers that were in service for more than 35 years is above 2%.  
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Further, from Table 6.4, it was found that the DP level of solid insulation parts of power 
transformers that were in service for more than 30 years is between 219 - 935. Therefore, in 
order to make FEM based simulations more realistic, the moisture and ageing levels listed in 
Table 6.5 were used in FEM based simulation studies. 
Table 6.5 Moisture and DP values used in FEM based simulations 
Moisture content (%) DP level 
0.5 
1243 
900 
700 
2 
1226 
820 
520 
4 
1128 
290 
 
Typical power transformers are designed to have an average temperature rise limit of 65°C to 
70°C based on its cooling system [134]. In other words, under typical conditions power 
transformer winding temperature is allowed to increase by 65°C to 70°C above ambient 
temperature. For example, if the ambient temperature is 20°C, average winding temperature of 
a transformer can vary between 20°C and 90°C while in operation. Hence, considering the 
availability of pressboard compressibility test data, winding temperature was varied from 20⁰C 
to 80⁰C during FEM simulations. 
In the real world, a change in moisture level of pressboard parts in a transformer winding is a 
slow process that could take several months. Further, ageing of pressboard is an even slower 
process that takes several years. During the above processes, not only moisture and ageing 
dependent mechanical properties but also the viscoelasticity of pressboard could influence the 
winding clamping pressure. However as discussed, during the manufacturing process new 
winding structures are intentionally subjected to heavy compressive forces. As a result, the 
pore structure of pressboard parts collapse making them denser and less plastic. Therefore, in 
reality, transformer winding structures show a very small stress relaxation behaviour 
throughout their lifetime (30~40 years) [19]. Further, laboratory experiments presented in 
Section 6.3 also confirmed that moisture absorption overshadows the stress relaxation 
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behaviour of a properly stabilized pressboard sample clamped in a static clamping system. 
Therefore, in this study viscoelastic behaviour of pressboard was not considered.  
 Effect of ageing 
First, the effect of ageing on transformer winding clamping pressure was investigated. For this 
purpose, variations in the clamping pressure of the test transformer winding with dry and 4% 
wet pressboard with ageing was simulated. During the simulations, the DP value of the dry 
winding was changed from 1243 to 700 while that of the 4% moist winding was changed from 
1128 to 290. Results of the simulations are presented in Figure 6.9. 
 
Figure 6.9 Influence of ageing on the clamping pressure of transformer winding at 0.5% 
(DRY) and 4% moist (MC₂) moisture levels. 
According to Figure 6.9, for all the initial clamping pressure levels, winding clamping pressure 
decreased with decreasing DP value. Simulation results further revealed that both initial 
clamping pressure and moisture content has an influence on the gradient of the clamping 
pressure vs DP curves presented in Figure 6.9. The calculated gradient of pressure vs DP curves 
listed in Table 6.6 revealed that the rate of change of clamping pressure with DP increases with 
increasing initial clamping pressure. The clamping pressure of the dry winding decreased at a 
higher rate compared to that of the wet winding with ageing. Overall, it can be stated that 
ageing of pressboard has a noticeable impact on the winding clamping pressure. 
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Table 6.6 Rate of change of clamping pressure against DP of dry and wet winding at different 
initial clamping pressure levels 
Initial Clamping Pressure 
Rate of change of clamping pressure (in MPa) per unit DP 
value 
Dry (0.5% moisture) Wet (4% moisture) 
2 MPa -4.31×10-4 -1.053×10-4 
3 MPa -7.35×10-4 -1.66×10-4 
4 MPa -9.3186×10-4 -2.487×10-4 
5 MPa -1.135×10-3 -3.329×10-4 
 Effect of moisture  
Next, the influence of moisture dependency of mechanical properties of pressboard on winding 
clamping pressure was investigated. Two sets of FEM simulations were conducted to 
investigate the moisture dependency of power transformer winding clamping pressure. First, 
the moisture content of an un-aged transformer winding was changed from 0.5% to 4% and 
corresponding changes in clamping pressure were calculated. Secondly, to make the simulation 
results more practical, the combined effect of ageing (decrease in DP) and moisture ingress 
was simulated. For this purpose, both moisture content and ageing level of the pressboard 
samples in the test transformer winding were changed simultaneously as shown in Figure 6.10. 
The results of the above simulations are discussed in the next section of this chapter. 
 
Figure 6.10 Moisture content and DP values correspond to the three ageing levels simulated 
to investigate the combined effect of ageing and moisture ingress on clamping pressure of the 
100kVA test transformer winding. 
a) Test transformer with un-aged pressboard 
Figure 6.11 illustrates the variations of clamping pressure of the un-aged test transformer 
winding at different pre-stress levels with moisture ingress. According to the figure, for all pre-
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stress levels clamping pressure shows a noticeable increasing trend with increasing moisture 
content. It was also observed that the relative increase in clamping pressure with moisture 
ingress is higher in the winding with a lower pre-stress level. For example, a percentage 
increase in clamping pressure between 2% wet and dry states corresponding to 5 MPa and 1 
MPa pre-stress levels are about 119% and 348% respectively. Further, as shown in Table 6.7 a 
similar trend was also observed between 2% wet and 4% wet conditions. 
 
Figure 6.11 Moisture dependency of clamping pressure of the unaged transformer winding. 
Table 6.7 Percentage increase in winding clamping pressure of the unaged winding with to 
moisture ingress 
b) Combined effect of moisture ingress and ageing 
Combined effect of ageing and moisture ingress on clamping pressure of the test transformer 
winding was simulated. The moisture and DP values corresponding to three ageing levels 
presented in Figure 6.10 were used for the simulations. Throughout the simulation process 
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winding temperature was kept constant at 20⁰C. The simulation results are presented in Figure 
6.12.  
 
Figure 6.12 Moisture and ageing dependency of winding clamping pressure. 
The simulation results presented in Figure 6.12 clearly demonstrate that clamping pressure 
tends to increase under the combined effect of increasing moisture content and decreasing DP 
of pressboard. However, according to Sections 6.3.3 and 6.4.2, winding clamping pressure 
decreases with ageing of pressboard.  On the other hand, as per Sections 6.3.2 and 6.4.3 (a), 
clamping pressure increases when pressboard absorbs moisture. Hence, in the data presented 
in Figure 6.12, moisture absorption has overshadowed the effect of pressboard ageing on 
winding clamping pressure.  
Figure 6.13 illustrates the comparison between data presented in Figure 6.11 and 6.12. 
According to the figure, it can be seen that the effect of ageing becomes visible in the pressure-
moisture curve at higher ageing and moisture levels. Further, the difference between clamping 
pressure of un-aged and aged windings at 4% moisture levels decreased with increasing pre-
stress level. For example, when the winding pre-stress level is 1 MPa, clamping pressure of the 
un-aged winding at 4% moisture is 11% higher than that of an aged winding (DP 290) with 4% 
moisture.  On the other hand, when the winding pre-stress level is 5 MPa, clamping pressure 
of an un-aged winding at 4% moisture is about 7% higher than that of the aged winding with 
4% moisture.  
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Figure 6.13 Comparison between, winding clamping pressure during moisture absorption of 
unaged winding (- MC) and combined moisture absorption and ageing (- MC/DP). 
 Effect of temperature 
Among moisture, ageing and temperature, the latter is the most dynamic parameter in a 
transformer. Further, power transformer windings with pressboard in different moisture and 
ageing levels could experience sudden temperature variations while in service. First the 
temperature dependency of the test transformer with dry and un-aged pressboard parts was 
simulated. During the simulations, the average temperature of the winding structure was 
changed from 20°C to 80°C and corresponding changes in winding clamping pressure caused 
by the combined effect of thermal expansion and thermal softening of pressboard was 
calculated. Secondly the influence of ageing level and moisture content of pressboard on 
temperature dependency of the clamping pressure was investigated. 
c) Dry and unaged transformer winding 
Figure 6.14 illustrates the behaviour of winding clamping pressure of the test transformer 
winding with dry, un-aged pressboard with increasing temperature for five different pre-stress 
levels. From the figure, it can be seen that the clamping pressure of the winding at all pre-stress 
levels showed an increasing trend with increasing temperature. At low pre-stress levels, 
clamping pressure linearly increased with increasing temperature. With an increasing winding 
pre-stress level, the gradient of the pressure-temperature curve tended to increase with 
temperature.  
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Figure 6.14 Effect of temperature on the winding clamping pressure of the dry, unaged test 
transformer winding at different initial clamping pressure levels. 
For further analysis, a percentage increase in winding clamping pressure caused by a 
temperature rise of 10°C which is symbolized by P∆ was calculated from the simulated 
pressure-temperature data. Variation of P∆ values of the test transformer winding with dry 
and un-aged pressboard with different winding temperature and pre-stress level is illustrated in 
Figure 6.15.  
 
Figure 6.15 P∆  of the dry, unaged test transformer winding under different pre-stress levels 
and temperature levels. 
According to Figure 6.15, P∆  of the test transformer winding shows a decreasing trend with 
increasing initial clamping pressure and winding temperature. Hence, it can be stated that 
temperature sensitivity of the winding clamping pressure of a loosely clamped power 
transformer winding operating at higher temperature levels is higher than that of a tightly 
clamped winding with a lower operating temperature level.  
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d) Influence of ageing on temperature dependency of winding clamping 
pressure 
To investigate the influence of pressboard ageing on temperature dependency of winding 
clamping pressure, both ageing level of pressboard and average winding temperature of a dry 
test transformer winding was simultaneously changed during the FEM simulations. Then the 
corresponding changes in winding clamping pressure were calculated. During the simulations, 
DP values of pressboard were changed from 1243 to 700. However, due to a lack of information 
on the ageing dependency of the thermal expansion coefficient of pressboard, a constant 
thermal expansion coefficient of 9.5×10-5 K-1 was used in the simulations. Results of the above 
FEM simulations are presented in Figure 6.16. 
 
Figure 6.16 Effect of ageing on the temperature dependency of clamping pressure of dry test 
transformer.  
According to Figure 6.16, pressboard ageing has introduced a noticeable gradient change at TT 
to the pressure-temperature curve of the test transformer winding. The above gradient change 
is less visible in the pressure-temperature curves of the un-aged test transformer winding with 
a low pre-stress level. Further, for all ageing and pre-stress levels the gradient change has 
occurred around 60⁰C. To investigate this phenomenon further, the pressure-temperature 
curves illustrated in Figure 6.16 were modelled with two linear equations as shown in Figure 
6.17. The gradients of the straight lines used to fit the pressure-temperature curve segments 
below and above TT i.e. m1 and m2 respectively were then calculated. The units of m1 and m2 
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are MPa C-1; hence, they represent the temperature sensitivity of the winding clamping 
pressure. 
 
Figure 6.17 Modelling the clamping pressure –temperature curves using two linear equations.  
Variation of m1 corresponding to different ageing levels with the pre-stress level of the winding 
is illustrated in Figure 6.18. According to the figure, m1 shows an increasing trend with ageing 
of pressboard (decreasing of DP value). This means at temperature levels below TT temperature 
sensitivity of the winding clamping pressure increases with ageing of pressboard parts in the 
winding structure.  
 
Figure 6.18 Variation of m1 with increasing initial clamping pressure of test transformer 
winding with pressboard in three ageing levels. 
Further, as per Figure 6.18, m1 of the dry, unaged winding shows a decreasing trend with 
increasing winding pre-stress level. Ageing of pressboard parts in the winding structure alters 
the relationship between m1 and winding pre-stress level. Hence, unlike the m1 of un-aged 
winding, that of the winding with pressboard with a DP value of 700 increases with increasing 
winding prestress levels. For example, at 1MPa, m1 values corresponding to DP1243, DP900 
and DP700 are 0.037 MPaC-1, 0.04 MPaC-1 and 0.043 MPaC-1 respectively. In contrast, at 5 
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MPa m1 corresponding to DP1243, DP900 and DP700 are 0.028 MPaC-1, 0.039 MPaC-1, and 
0.051 MPa C-1 respectively. Therefore, it can be stated that ageing of pressboard tends to 
increase the temperature sensitivity of the transformer winding clamping pressure. 
Variation of m2 with ageing of pressboard and winding pre-stress level is presented in Figure 
6.19. As per the figure, m2 tends to decrease with ageing of pressboard. Moreover, m2 of un-
aged winding tends to increase with increasing winding pre-stress level while the m2 of the 
aged windings tends to decrease. However, m2 of the most aged winding (DP 700) 
corresponding to pre-stress levels above 3 MPa is negative. This means that in the winding 
with a pre-stress level above 3 MPa, and temperature levels above TT, winding clamping 
pressure tends to decrease with an increase in temperature as observed in Figure 6.16. Hence, 
the temperature sensitivity of both un-aged and aged windings tends to increase with increasing 
winding pre-stress levels.    
 
Figure 6.19 Variation of m2 with increasing initial clamping pressure of test transformer 
winding with pressboard in three ageing levels. 
e) Influence of moisture on temperature dependency of winding clamping 
pressure 
The influence of moisture content in pressboard on the temperature dependency of winding 
clamping pressure was investigated through FEM based simulations. For this purpose, the 
average winding temperature of a transformer with dry (0.5% moisture), 2% and 4% moisture 
level pressboard was changed from 20°C to 80°C and changes in winding clamping pressure 
were simulated. The results of the above simulations are presented in Figure 6.20. 
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Figure 6.20 Effect of moisture on the temperature dependency of clamping pressure of 
unaged test transformer (moisture contents: Dry - 0.5%, MC1 - 2%, MC2 - 4%). 
As per Figure 6.20, similar to ageing, moisture absorption of pressboard also introduces a 
noticeable gradient change to the pressure-temperature curve of the test transformer winding. 
However, unlike with ageing, the temperature at which the gradient change occurs (TT) tends 
to decrease with increasing moisture content. The TT corresponding to 2% and 4% moisture 
level windings are around 60⁰C and 40⁰C respectively. For further investigations on the 
influence of moisture on temperature dependency of winding clamping pressure, the gradient 
of the pressure-temperature curve below and above TT i.e. m1 and m2 were calculated 
Figure 6.21 illustrates the variation of m1 with moisture content of pressboard and winding 
pre-stress level. From the figure, it can be seen that m1 tends to increase with increasing 
moisture content. Further, m1 shows a decreasing trend with increasing winding pre-restress 
levels. However, compared to m1 of dry and 2% moist winding, that of 4% moist winding 
drops significantly with an increasing winding pre-stress level. Therefore, at temperature levels 
below TT, temperature sensitivity of the transformer winding shows an increasing trend with 
increasing moisture content and decreasing winding pre-stress levels.  
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Figure 6.21 Variation of m1 with increasing initial clamping pressure of test transformer 
winding at 0.5%, 2% and 4% moisture levels. 
The variation of m2 of the test transformer winding with moisture content and winding pre-
stress level is illustrated in Figure 6.22. From the data it can be seen that m2 is moisture 
dependent. The m2 value of the dry winding is higher than that of 2% wet winding while the 
m2 of 4% wet winding is higher than that of 2% wet winding. Further, m2 of the dry winding 
shows an increasing trend with increasing winding pre-stress level. In contrast, m2 of both 2% 
and 4% wet windings show a decreasing trend with increasing winding pre-stress level. 
Moreover, the m2 values corresponding to 2% and 4% moist windings above 4 MPa and 2 
MPa pre-stress levels are negative. On the other hand, the winding clamping pressure of dry 
winding continuously increases while that of 2% and 4% moist windings firstly increases and 
then reduces with increasing winding pre-stress levels. Among the winding clamping pressure 
of 2% and 4% moist windings, above TT, the latter has the highest temperature sensitivity. 
Above observations suggest that, temperature sensitivity of a transformer winding at 
temperature levels above TT increases with increasing winding pre-stress level. Further, one 
can also suggest the temperature sensitivity of winding clamping pressure increases with 
increasing moisture content. 
 
Figure 6.22 Variation of m2 with increasing initial clamping pressure of test transformer 
winding at 0.5%, 2% and 4% moisture levels. 
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 Impact of Dynamic Behaviour of Clamping Pressure on the Structural 
Health of a Power Transformer Winding 
The results of the laboratory investigations and FEM based simulations presented in Sections 
6.3 and 6.4 revealed that moisture, temperature and ageing have a significant impact on 
transformer winding clamping pressure. Moisture ingress is a phenomenon that tends to 
increase the winding clamping pressure significantly. Ageing of pressboard is a phenomenon 
that tends to decrease the winding clamping pressure. As observed in Section 6.4.3, the effect 
of ageing on winding clamping pressure could be overshadowed by moisture dependency of 
winding clamping pressure. Among the operational parameters of a transformer, temperature 
is the most dynamic parameter, which could create sudden changes in winding clamping 
pressure. In general, winding clamping pressure tends to increase above its pre-stress level with 
increasing temperature.  
The above fluctuations in winding clamping pressure exert additional compressive stresses on 
the pressboard parts in the transformer winding structure. With ageing, polymer chains of 
pressboard which provide mechanical strength, rupture. As a result, compared to the pressboard 
parts in an un-aged winding, those of an aged winding can withstand lower mechanical stresses. 
Similarly, as per the laboratory investigations presented in Chapter 4, moisture ingress also 
makes pressboard softer. Hence, one can expect that temporary upturns in winding clamping 
pressure could overstress the solid insulation parts in aged, wet power transformers and lead to 
structural collapse.  
To quantify the additional compressive stress that a winding could experience, P∆ i.e. 
percentage increase in winding clamping pressure due to 10⁰C temperature increase was used. 
Figure 6.23 illustrates the variation of P∆ of the test transformer winding at different ageing 
levels with operating temperature and winding pre-stress level. Acceding to the figure, P∆  
corresponding to all ageing levels increased with a decreasing operating temperature and 
winding pre-stress level. It was further found that P∆ of loosened and aged windings is higher 
than that of the loosened and un-aged winding.  
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(a)                                                                           (b) 
 
                                (c) 
Figure 6.23 Variation of P∆  of a dry transformer winding with (a) un-aged (DP 1243) (b) 
DP 900 and (c) DP 700 pressboard with operating temperature and winding pre-stress level. 
As mentioned before, mechanical strength of pressboard decreases with moisture absorption. 
Further, according to the laboratory investigations presented in Section 6.3.2 and FEM 
simulation results presented in 6.4.4, moisture could influence the temperature dependency of 
winding clamping pressure. Figure 6.24 illustrates the variations of P∆ of the dry, 2% wet and 
4% wet test transformer winding with changing operating temperature and winding pre-stress 
level. According to the data, moisture tends to increase the P∆ . Further,  P∆ of a loosened 
wet winding is significantly higher than that of a tightly clamped, dry winding.  
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(a)                                                                            (b) 
 
(c) 
Figure 6.24 Variation of P∆  of an un-aged transformer winding with (a) dry (0.5%) (b) 2% 
moist and (c) 4% moist pressboard with operating temperature and winding pre-stress level. 
As per the data presented in Figures 6.23 and 6.24, it can be stated that loosely clamped 
transformer windings with aged and wet pressboard, operating at lower temperature levels have 
higher P∆ . For example, P∆ of a transformer winding with 1MPa pre-stress level and 
operating at 20⁰C with aged (DP 700) and wet (4%) pressboard is 45% and 40% respectively. 
When pressboard parts in wet, aged, loosely clamped transformer windings experience such 
excessive additional stress they could fail. To understand the significance of the above 
pressboard overstressing phenomenon on the structural integrity of transformer windings, the 
following two cases were studied through FEM simulations. 
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Case 2: Temperature rise during a high current fault 
  Case 1: Energizing of test transformer  
Consider the energising of the test transformer winding under the following conditions. 
1. Un-aged (DP 1243) pressboard, 1MPa winding pre-stress level 
2. Un-aged (DD 1243) pressboard, 5 MPa winding pre-stress level 
3. Aged (DP 700) pressboard, 1 MPa winding pre-stress level 
4. Aged (DP 700) pressboard, 5 MPa winding pre-stress level 
5. Un-aged 4% wet pressboard, 1 MPa winding pre-stress level 
6. Un-aged 4% wet pressboard, 5 MPa winding pre-stress level 
As per Figure 6.2, the average temperature of the windings structure before and after energizing 
was assumed to be 20⁰C and 60⁰C respectively. Winding clamping pressure of the test 
transformer winding before and after energizing, calculated using FEM simulations are 
presented in Table 6.8 
Table 6.8 Variation in winding clamping pressure of a transformer winding in different 
ageing, moisture and initial clamping pressure levels during energizing. 
 DP Moisture content 
Winding pre-stress level 
(MPa) 
Percentage increase in clamping 
pressure after energizing 
1 1243 0.5% 1 140% 
2 1243 0.5% 5 20% 
3 700 0.5% 1 160% 
4 700 0.5% 5 38% 
5 1243 2% 1 130% 
6 1243 2% 5 28% 
    
From the data listed in Table 6.8, it can be clearly seen the winding clamping pressure 
corresponding to all 6 cases have increased due to energizing of the transformer. However, 
compared to the percentage increase of winding clamping pressure of the windings at 1 MPa, 
that of the windings at 5MPa is significantly lower. Further, the percentage increase in 
clamping pressure after energizing has increased with both ageing and moisture ingress of 
pressboard. Based on the simulation results presented in Table 6.8 it can be stated that not only 
short circuit faults but also normal operating conditions such as energizing could have a 
negative impact on the structural health of loosely clamped power transformer windings. 
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Further, the risk of structural failure increased with increasing moisture content and ageing 
level of pressboard.    
 Case 2: During a high current fault 
High current faults generate strong electromagnetic forces that could deform and displace 
transformer winding structure. Power transformers with adequate winding tightness have the 
capability to withstand the mechanical impacts and maintain the structural integrity of the 
winding. According to Sections 6.3.1and 6.4.4, winding clamping pressure is highly sensitive 
to temperature changes.  Moreover, during a short circuit fault, winding temperature tends to 
increase significantly. Hence, this section aims to study the possible impacts of temperature 
fluctuations during a short circuit fault on the fault ride through capability of a power 
transformer. 
As per IEC 60076-5 2006, the average temperature of a transformer winding with copper 
conductors after a short circuit fault (θ1) can be calculated using 4.26 
 0
1 0
2
2 ( 235)
106000 1
J t
θ
θ θ
× +
= +
−
×
  6.5 
where, θ0, J, and t are the initial winding temperature, r.m.s. short circuit current density in 
A/mm2 and fault duration (< 10s) respectively [1]. Further, according to [1], the maximum 
possible θ1 for an oil immersed transformer with a 105(A) thermal class insulation system is 
250°C.  
Even for a transformer fitted with modern short circuit protection relays, the typical fault 
clearance time is about 50ms including the circuit breaker delays [135]. Further, during a 
typical short circuit fault, the winding current could increase by 10-20 times the normal 
operating current [2]. Therefore, if the operating temperature of the transformer winding before 
the fault is 60°C as per 4.26, the average winding temperature could increase to about 70°C - 
108°C. 
Based on the findings of this research project, until winding temperature reached a certain level 
(TT), winding clamping pressure increased with increasing temperature. Above TT, clamping 
pressure of aged and wet windings showed a decreasing trend with increasing temperature, 
further, TT is moisture dependent. Wet windings have a lower TT level than dry windings. 
Hence, the temperature rise during a short circuit fault could improve the short-circuit 
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withstand capability of dry, un-aged transformer windings. However, the temperature rise 
during a short circuit fault could have a negative impact on the short circuit withstand capability 
of aged, wet transformer windings. 
Finally, it can be proposed that for an accurate estimation of clamping pressure moisture 
content, the temperature of the solid insulation parts of the transformer winding need to be 
considered. Further, it is recommended to conduct condition monitoring tests at relatively low 
temperature levels hat for accurate identification of the progressive loss of winding. However, 
further investigations are needed to identify the suitable correction factors that could negate the 
effect of moisture and temperature effects from the results of clamping pressure estimation 
techniques.  
 Summary 
In this chapter, comprehensive investigations are presented to understand the dynamic nature 
of the winding clamping pressure of an operating power transformer. The experimental and 
FEM based simulation results confirmed that moisture, temperature and ageing dependency of 
the mechanical properties of pressboard have a significant impact on winding clamping 
pressure. Temperature rise and moisture ingress significantly increases the clamping pressure 
while ageing has the inverse effect.  
Temperature is the most dynamic parameter among moisture, ageing and temperature in an 
operating transformer. Hence, temperature is the most influencing factor on the dynamic 
behaviour of winding clamping pressure. It was further found that moisture, ageing and 
winding prestress-level have a significant impact on the temperature dependency of winding 
clamping pressure. Clamping pressure of un-aged, dry windings at low initial pre-stress levels 
were found to have an increasing trend with increasing temperature. However, the clamping 
pressure of tightly clamped, wet and aged windings showed an increasing trend until the 
winding temperature reached about 60⁰C. Above 60⁰C winding clamping pressure showed a 
decreasing trend with increasing temperature.  The temperature at which the sudden change in 
the trend of pressure-temperature curve occurs also showed a decreasing trend with increasing 
moisture content.  
The FEM simulation results further revealed that the winding clamping systems of transformer 
windings with different moisture, temperature and ageing levels respond differently to 
changing temperature. The temperature sensitivity of the clamping pressure of tightly clamped, 
un-aged and dry windings are lower than that of aged, wet and loosely clamped windings. 
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Moreover, it was found that temporary temperature upturns tend to overstress the insulation 
parts in a transformer winding structure. As a result, aged wet pressboard parts in loosely 
clamped transformer windings could fail during energizing of short circuit faults due to axial 
collapse of the winding structure. 
Finally, it can be stated that clamping pressure of an operating power winding fluctuates with 
the fluctuations in transformer operating parameters. Hence, it can be proposed that moisture 
content, temperature and ageing level of the solid insulation parts in the transformer winding 
need to be considered when estimating winding clamping pressure using indirect measurements 
i.e. transformer tank vibrations. However, further investigations are required to introduce 
suitable moisture, ageing and temperature correction factors to existing clamping pressure 
estimation techniques. 
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Application of on-load transformer vibrations 
for structural health assessment 
 Introduction 
Energized power transformers generate vibrating noise [136-138]. These vibrations are caused 
by the electromagnetic forces in the windings, magnetostrictive forces in the core and 
mechanical excitations from auxiliary components such as fans, pumps etc. [139-142]. A 
typical vibration spectrum of a power transformer is composed of a fundamental component at 
twice the power frequency and several other peaks at integer multiples of fundamental 
frequency [143]. The mechanical vibrations generated in the winding and core assembly travel 
through insulation oil and reach the steel tank [144]. Therefore, the tank vibration spectrum of 
an energized power transformer has a correlation with the vibration spectrums of its internal 
parts such as of the core and winding [12, 13, 145, 146]. Further, natural frequencies and other 
modal parameters of a transformer core-winding assembly are sensitive to the structural 
changes i.e. mechanical defects [127, 147, 148]. This behaviour enables us to use transformer 
load vibrations to assess its structural health [127, 148]. 
Existing literature has revealed that the vibration spectrum of a transformer captured from its 
tank surface is sensitive to the health of its winding and core clamping systems [52, 149-153]. 
However, as discussed in Chapter 2, none of those techniques have been used to develop a 
reliable condition monitoring tool to detect loose winding conditions of substation 
transformers. This is due to the lack of understanding of the relationship between operational 
parameters and vibration characteristics of a transformer winding. Therefore, this chapter aims 
to use the knowledge on pressboard mechanical properties and winding clamping pressure, 
gained through laboratory and FEM investigations to provide a clear understanding of the 
vibration characteristics of a power transformer in operation. Moreover, transformer vibration 
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characteristics measured from different test and field transformers are also analysed in this 
chapter.  
This chapter is based on two publications authored by the PhD Candidate [154, 155]. 
 Vibration Based Condition Monitoring of Power Transformers 
Vibration analysis based methods are well established for condition monitoring of rotating 
machines [156-158]. Though this method is not well established as a transformer condition 
monitoring technique; transformer vibration related issues have been investigated and 
published since the 1960s. Henshell et al [159] have researched modelling the transformer core 
as a framework of beams for calculation of its natural frequencies and mode shapes. Similarly, 
several other researchers have also investigated the vibration characteristics of transformer 
cores for transformer noise reduction purposes [137, 160, 161].   
A vibration analysis based method for condition monitoring of transformer winding clamping 
systems was first proposed several decades ago. Hangfang et al [162] used rigid elements as 
windings and springs for insulation material to model axial vibrations of a transformer winding. 
After a few years, Bartoletti et al [150] have researched the use of Fourier transformation and 
total harmonic distortion of the tank vibration spectrum to classify transformers into three 
groups namely, new, aged and anomalous. Shengchang et al [14] and Jing et al [15] have done 
comprehensive studies on the separation of core and winding vibration signals. In [14] a 
method named as OLCM which uses tank vibration spectrums measured at different load and 
constant voltage levels to predict the fundamental component of the core vibration is proposed. 
In [15] a signal processing technique called “blind source separation method” is proposed to 
extract winding vibration from the tank vibration spectrum. In recent years, Geng et al [163] 
have looked into the use of modal parameters of the transformer windings and correlate them 
with the clamping pressure variations. But the proposed modal parameter analysis (MPA) 
method can only be performed on an offline transformer. Wang et al [164] have proposed an 
online version of MPA i.e. Operational mode analysis (OMA) for transformer diagnosis 
applications. Among the existing literature, only Berler et al [52] have presented the details of 
a commercial transformer diagnosis product that uses vibro-acoustic based techniques. The 
method proposed in [52] uses a set of coefficients calculated using Fourier coefficients of tank 
vibration signals to predict loose clamping conditions of power transformers. But no records 
were found on the usage or accuracy of this product.  
In conclusion, as per existing publications, on-load vibration characteristics of power 
transformers measured from their tank surface can be used to detect winding looseness and 
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other structural defects. However, none of the existing publications has incorporated the 
operational parameters of a transformer such as winding temperature, moisture content and 
ageing level of pressboard in vibration data evaluation processes. Hence, the aim of the analysis 
presented in this chapter is to provide the knowledge required to improve the accuracy of 
existing winding clamping pressure estimation techniques. For this purpose, first the winding 
vibrations caused by axial electromagnetic forces were mathematically modelled using a 
simplified spring-mass system. Then the mathematical model was used to understand the 
correlation between clamping pressure and vibration characteristics of a disc type transformer 
winding. Then, with the aid of laboratory and FEM simulation results presented in Chapters 4 
and 5, the correlation between winding vibration characteristics and transformer operating 
parameters i.e. moisture, temperature and solid insulation ageing were investigated.  
 Load Vibrations of Power Transformers 
An energized power transformer consists of many vibration sources that could generate 
mechanical vibrations. Winding structure, core, auxiliary parts such as fans and pumps, Partial 
Discharge (PD) and on-load tap changer (OLTC) are some examples of such vibration sources 
[127]. These vibration sources generate mechanical vibrations at different regions of the 
frequency spectrum as illustrated in Figure 7.1. Among the vibration sources, cooling fans and 
oil pumps generate low frequency (<100 Hz) vibrations. The vibrations generated by PD, 
OLTC and small structural components have frequencies above 1 kHz [14, 50, 150, 165].  
Therefore, vibrations in the frequency range 100 Hz – 1 kHz, which are generated by the 
winding and core assembly contain useful information about the structural health of the power 
transformer [52, 127, 148-153]. 
100 Hz 1000 Hz
Cooling fans, Oil 
pumps
Winding and core 
assembly
Vibration of small 
structural components Partial DischargeOLTC
Frequency
 
Figure 7.1 Vibration sources in an energized transformer and corresponding frequency 
ranges. 
 Winding vibrations 
Current carrying copper conductors in a power transformer winding are placed in a strong 
leakage magnetic field. The interaction between magnetic flux density vector ( B ) and winding 
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current density vector ( J ) generates electromagnetic forces on copper conductors. According 
to the Lorentz force law, these electromagnetic forces are equal to the volume integral of the 
cross product between J  and B  as in 7.1. 
 ( )F J B dv= ×∫   7.1 
Further, assuming a sinusoidal winding current of ( )i t , 
 ( ) cos( )i t I tω θ= +   7.2 
the relationship between winding current and magnitude of F  can be written as in 7.3,  
 2[cos(2 2 ) 1]F I tω θ∝ + +   7.3 
As per 7.3, electromagnetic forces are also time varying with a fundamental frequency of 
twice the power frequency. Therefore in a 50 Hz system, the fundamental frequency of the time-
varying electromagnetic forces is 100 Hz.  
The time-varying electromagnetic forces harmonically excite the winding structure and 
generate mechanical vibrations. Therefore, the vibration acceleration of the winding structure (
wgda ) is proportional to the excitation force [14, 145].  
 wdga F∝   7.4 
By combining 7.3 and 7.4, vibration acceleration can be written as follows.  
 2[cos(2 2 ) 1]wdga I tω θ∝ + +   7.5 
Equation 7.5 reveals that the winding structure of an energised power transformer vibrates with 
a fundamental frequency of twice the power frequency. Acceleration of which is proportional 
to the square of the winding current. In practice, the vibration spectrum of a transformer 
winding is composed of a significantly higher vibration component at the fundamental 
frequency and several other harmonic components at integer multiples of fundamental 
frequency [52, 143]. 
 Core vibrations 
Transformer cores are made of ferromagnetic materials. Ferromagnetic materials are composed 
of magnetic domains of uniform magnetic polarization [166, 167]. When such materials are 
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subjected to magnetic fields, magnetic domains rotate causing dimensional changes as 
illustrated in Figure 7.2. This phenomenon is known as magnetostriction. 
L Ɛ 
H=0
H
 
Figure 7.2 Dimensional changes in a ferromagnetic material under the effect of applied 
magnetic field (H – magnetic field strength). 
Consider a transformer connected to a voltage source, sin( )oV tω . If oV  is slightly lower than 
the voltage required to saturate the core, Faraday’s induction law can be used to link the supply 
voltage and magnetic flux density (B) as, 
 sin( )o
dBV t NA
dt
ω =   7.6 
where, N and A are the number of turns in the winding and cross-sectional area of the core 
respectively. Hence, B can be written as  
 0 0cos( ) cos( )
VB t B t
NA
ω ω
ω
= =   7.7 
where, 
 00
VB
NAω
=   7.8 
Considering the ideal magnetization curve shown in Figure 7.3, magnetic field intensity (H) 
can be written as in 7.9. 
 131 
 
Hc
Bs
B
H
 
Figure 7.3 An idealized magnetization curve of a transformer core material.  
 0 ( )C
S
BBH H cos t
B
ω
µ
= =   7.9 
Here, SB , µ and CH  are saturated magnetic flux density, magnetic permeability and coercive 
magnetic field intensity of the core material. Next, considering an ideal magnetostriction curve 
similar to Figure 7.4, the rate of change in the length (L) can be written as, 
 
2
21 s
C
dL H
L dH H
λ
=   7.10 
 where sλ is the coefficient of saturation magnetostriction of the material and L is the length of 
the body as illustrated in Figure 7.2. 
H
2 S
CH
λ
1 dL
L dH
 
Figure 7.4 An idealized magnetostriction curve. 
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From 7.7 and 7.10, the magnetostrictive strain of the ferromagnetic material ( MSε ) can be 
expressed as, 
 ( )
2
2 20
2 2 cos( )
S S
MS
C S
UL H t
L H NA B
λ λ
ε ω
ω
∆
= = =   7.11 
Finally, the vibration acceleration ( corea ) which is caused by magnetostriction can be expressed 
as 
 
( )
( )
2 2
0
22
2 cos(2 )Score
S
d L LUa t
dt NAB
λ
ω
∆
= = −   7.12 
As per 7.12, the core vibration acceleration of an energized transformer is proportional to the 
square of the supply voltage and has a fundamental frequency of twice the power frequency. 
In practice, the vibration spectrum of a transformer core contains a noticeable component at 
the fundamental frequency and several other harmonic components at integer multiples of the 
fundamental frequency. 
 Tank vibration  
The transformer tank is made of flat steel panels which are connected by bolted or welded 
joints. Apart from the flat surfaces, transformer tanks are fitted with various types of stiffeners 
as shown in Figure 7.5. The stiffeners have nonlinear vibration characteristics.  Hence the 
overall tank has non-linear vibration characteristics [145].  
 
Figure 7.5 Types of stiffeners in transformer tanks (a) Flat stiffener (b) T-stiffener (c) Box 
stiffener [6]. 
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As illustrated in Figure 7.6, mechanical vibrations generated in the core-winding assembly 
travel through its solid structure (path 1) and through insulation oil (path 2) and reach the 
transformer tank [82, 144]. However, the core-winding vibration spectrum will first be 
smoothed by the insulating oil. Then the smoothed core-winding vibration spectrum is 
modified by the resonant response and mode shapes of the tank. Therefore, the vibration 
spectrum of an energized transformer tank is a mixture of electromagnetic and magnetostrictive 
vibrations modified by the vibration characteristics of the vibration transmission path and tank 
structure. 
 
Figure 7.6 Transmission of vibration from winding assembly to tank when winding assembly 
attached to (a) bottom surface of the tank (b) top cover of the tank. 
Occurrence of structural changes, which could alter the vibration characteristics of a 
transformer tank is highly unlikely. In contrast, structural changes such as winding 
displacement, tilting of conductors, loss of winding clamping pressure and loss of core 
clamping pressure are common [2, 6, 9, 168]. Therefore, the tank vibration spectrum of an 
energized power transformer can be used to identify the structural defects in the transformer 
internal parts [52, 92, 150, 151, 169].  
 Modelling of Transformer Winding Vibrations 
Power transformer windings are composed of several layers of conductors separated by 
insulating material as illustrated in Figure 7.7 9 (a). Therefore, the transformer winding can be 
represented as a lumped spring-mass system as shown in Figure 7.7 (b). 
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Figure 7.7 (a) Transformer winding and (b) equivalent spring-mass system and (c) simplified 
elastic column representation of the transformer winding.    
In the spring-mass model shown in Figure 7.7(b), mass elements represent the conductor discs 
while conductor insulation and key spacers are represented by springs and damping elements. 
By applying Newton’s 2nd law of motion to the spring-mass system shown in Figure 7.7(b), the 
equation of motion of the system can be derived. The equation of motions for the mass elements 
can be written as follows. 
 
1 1 1 2 1 2 2 1 2 1 2 2 1
2 2 2 1 2 3 2 3 3 2 1 2 3 2 3 3 2
1 1 1 1 1 1 1 1
1 1 1
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )
( )
i i i i i i i i i i i i i i i i i
n n n n n n
m x c c x c x k k x k x F t
m x c x c c x c x k x k k x k x F t
m x c x c c x c x k x k k x k x F t
m x c x c c x
− + + + − + + +
− − −
+ + − + + − =
− + + − − + + − =
− + + − − + + − =
− + +
  
   

   

   1 1 1( ) ( )n n n n n n nk x k k x F t− − −− + + =
  7.13 
Here, ix , ic , ik and im  are local displacement, damping coefficient, spring constant and mass 
of the ith mass element respectively. In matrix from, 7.13 can be written as follows. 
 [ ] [ ] [ ] [ ]m x c x k x F+ + =    7.14 
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where, 
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The natural frequencies of the system (ω ) can be the written as  
 
K
M
ω =   7.15 
where, K and M are the stiffness and mass matrices of the system. The stiffness of the 
pressboard parts i.e. spacers and clamping blocks can be written as, 
 pb pb
pb
A E
k
L
=   7.16 
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where, pbA , pbE and pbL  are surface area, compression modulus and thickness of the 
pressboard part respectively.  
The above system can be described by the classical continuous-time state-space model, 
 
( ) ( ) ( )
( ) ( ) ( )
c c
c c
x t A x t B u t
y t C x t D u t
= +
= +

  7.17 
( ) , ( ) , , , ,n p n n n m p n p mc c c cx t y t A B C D
× × × ×∈ ∈ ∈ ∈ ∈ ∈       
whare, ( )x t , ( )y t and ( )u t are the state, output and input vectors respectively. Further, cA , cB , 
cC and cD are the state, input, output and feed-through matrices respectively. The above state 
space model can be used to study the system dynamics of the transformer winding. In reality, 
the measurements of system identification tests are taken at discrete time intervals. Further, for 
simulation calculation purposes, discrete time state space model is required. Using the zero-
order hold assumption i.e. the input is piecewise constant over the sampling period ( t∆ ), 
discrete state, output, input and feedthrough matrices can be calculated as follows [170]. 
 cA tA e ∆=   7.18 
 1( )c cB A A I B−= −   7.19 
 cC C=   7.20 
 cD D=   7.21 
Therefore, the discrete-time state-space model can be written as in 7.22,  
 1k k k
k k k
x A x Bu
y C x D u
+ = +
= +
  7.22 
The discrete state space model can be used to calculate the Frequency Response Function 
(FRF) of the spring-mass model of the transformer winding using the method described in 
[171] and [172]. FRF can be used to identify the modal parameters of the system. More 
importantly, it represents the relationship between the input and output of the system. Hence, 
in this case, FRF of the spring-mass-damper system can be used to assess the axial vibration 
characteristics of the transformer winding.  
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 Spring-mass damper model of the test transformer winding 
The outer winding of the test transformer is restrained between two end insulation blocks made 
of pressboard. The winding contains six copper winding discs with geometry details listed in 
Table 7.1.  
Table 7.1 Specifications of the outer winding of a100 kVA disc type test transformer  
Parameter value 
Number of winding discs 6 
Mass of one winding disc 6.58 kg 
Thickness of a spacer / end blocks 6 mm/ 50 mm 
Number of spacer columns 4 
Surface area of a key spacer 1.063 ×10-6 m2 
Total area of end insulating blocks 4.253×10-6 m2 
Winding pre-stress level 1 MPa 
Based on the data presented in Table 7.1, the transformer winding can be modelled as a spring 
mass damper system with six degrees of freedom as shown in Figure 7.8. 
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Figure 7.8 Spring-mass damper model of the outer winding of the test transformer winding. 
Using the method described before, the continuous time state-space matrices can be written as 
in 7.23, 7.24, 7.25 and 7.26. 
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 6 6 0D × =   7.26 
Then, the FRF of the test transformer winding can be calculated using its stiffness, mass and 
damping coefficients listed in Table 7.2. The calculated FRF is shown in Figure 7.9. 
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Table 7.2 Parameters of the simplified winding model correspond to 1 MPa prestress level 
Parameter Value 
Stiffness of the end support blocks 19.05×106 N/m 
Stiffness of a spacer 31.76×106 N/m 
Mass of the winding disc 6.58 kg 
Damping ratio [50] 10% 
 
 
Figure 7.9 Calculated FRF of the dry test transformer winding at 1 MPa pre-stress level.  
According to Figure 7.9, it can be seen that the FRF of the axial vibration model of the 
transformer winding has six peaks which represent six resonant frequencies. Further, due to 
the low damping, resonant peaks are higher and narrower [50]. As per the FRF, the natural 
frequencies of the system are, 89.2 Hz, 283.3 Hz, 445.8 Hz, 589.2 Hz, 689.2 Hz and 765 Hz. 
According to 7.23, state matrix has a direct correlation with the stiffness of pressboard parts in 
the winding structure. Therefore, the FRF of the transformer winding shown in Figure 7.9 is 
also dependent on pressboard stiffness. As per 7.16, stiffness of a pressboard part is 
proportional to the compressive modulus of pressboard. Further, as discussed in Chapter 4, 
compressibility of pressboard is highly sensitive to moisture content, ageing level and 
temperature of pressboard. Hence, it is clear that the vibration characteristics of a transformer 
winding are sensitive to any parameter that alters the stiffness of the pressboard parts in the 
winding structure.  
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 Correlation between Winding Clamping Pressure and Vibration 
Characteristics  
Pressboard parts such as key spacers and clamping rings/blocks in a transformer winding 
structure experience strong static compressive stresses throughout the transformer’s active 
lifetime. The above compressive stresses generate through-thickness compressive strains in 
pressboard parts. During normal operating conditions, time-varying electromagnetic forces 
slightly alter the compressive strain of pressboard parts. Considering the small magnitude of 
the dynamic strain, pbE was defined as the gradient of the compressive stress-strain curve 
corresponding to the static stress as shown in Figure 7.10. 
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Figure 7.10 Variation of the gradient a typical through-thickness compressive stress-strain 
curve of pressboard with stresses.  
According to Figure 7.10, the gradient of the stress-strain curve increases with increasing 
stress. Further, as illustrated in Figure 7.11 pbE  has a non-linear relationship with the 
compressive stress. The rate of increase of pbE  with compressive stress shows a decreasing 
trend with increasing stress. The above behaviour implies that the stiffness of the pressboard 
parts changes with its clamping pressure. 
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Figure 7.11 Progressive increase in compressive modulus ( pbE ) of dry, un-aged pressboard 
at room temperature (20⁰C) with increasing compressive stress. 
According to 7.15, Kω ∝  . Further, as per 7.16, pbK E∝ ; hence pbEω ∝ . Moreover, 
according to Figures 7.10 and 7.11, pbE  increases with the static stress i.e. clamping pressure 
applied on the pressboard parts in the winding structure. Therefore, FRF of a transformer 
winding has a correlation with its winding clamping pressure.  
To investigate the impact of winding clamping pressure on the vibration characteristics of the 
test transformer, FRFs of the axial vibration model corresponding with dry, unaged pressboard 
under five clamping pressure levels i.e. 1, 2, 3, 4 and 5 MPa were calculated. First, the pbE of 
dry un-aged pressboard at room temperature corresponding to 1, 2, 3, 4 and 5 MPa static 
through-thickness compressive loads were calculated using Figure 7.11. The calculated pbE
values are listed in Table 7.3. 
Table 7.3 Variation of pbE  of dry, unaged pressboard at 20⁰C with clamping pressure 
Clamping Pressure (MPa) 1 2  3  4  5  
pbE (MPa) 289 349 405 462 517 
The stiffness of pressboard end support blocks and spacers were calculated using 4.42 and pbE
values listed in Table 7.3. Finally, the FRFs of the axial vibration model of the test transformer 
winding illustrated in Figure 7.12 were calculated. 
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Figure 7.12 Variation of the FRFs of the axial vibration model of the dry, unaged test 
transformer winding at 20⁰C with winding clamping pressure.  
Figure 7.12 clearly demonstrates that the FRFs are sensitive to the winding clamping pressure. 
With increased winding clamping pressure, the frequency of the resonant peaks increased. 
Further, compared to low-frequency resonant peaks, high-frequency resonant peaks are more 
sensitive to the winding clamping pressure. For example, the increase in the first and sixth 
resonant peaks due to the increase in clamping pressure from 1 MPa to 5 MPa are 29.4Hz and 
210.7 Hz respectively. However, the magnitude of the first and sixth resonant peaks increased 
by 32% and 27% due to the 1 MPa to 5 MPa clamping pressure increase. Therefore, it can be 
stated that the load vibration characteristics of a transformer winding are sensitive to its 
winding clamping pressure.  This enables us to use on-load transformer vibrations to monitor 
the progressive loss of winding clamping pressure. 
As per Chapter 4, not only winding clamping pressure but also other operating parameters such 
as temperature, moisture content and ageing level of pressboard alter the stiffness of 
pressboard. Therefore, a clear understanding of the relationship between vibration 
characteristics of a transformer winding structure and its operating parameters is essential to 
develop a reliable vibro-acoustic clamping pressure estimation technique for field 
transformers. To fill the above knowledge gap, the following section aims to investigate the 
factors that could alter the vibration characteristics of a loaded power transformer winding.  
 Factors Influencing the On-load Transformer Vibrations 
The impact of temperature, moisture content and ageing level of pressboard on the vibration 
characteristics of the test transformer was investigated. First, the data presented in Chapter 4 
was used to understand the relationship between transformer operating parameters and the 
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stiffness of pressboard parts. Then, the results of laboratory experiments presented in Chapter 
4 and FEM simulation results presented in Chapter 6 were used to investigate the influence of 
transformer operating conditions on the FRFs of a disc type test transformer. 
 Pressboard condition Vs pressboard stiffness 
Variation of the compression modulus of pressboard ( pbE ) under different moisture, 
temperature and ageing levels with increasing compressive stress is illustrated in Figure 7.13. 
Data illustrated in Figure 7.13 was calculated using the experimental results presented in 
Chapter 4. According to the figure, pbE  corresponding to all insulation conditions increased 
with increasing compressive stress. Further, pbE  decreased with ageing, moisture absorption 
and temperature rise. Among the pressboard samples, dry, un-aged (DP 1243) pressboard at 
20⁰C and 4% moist, aged (DP 209) pressboard at 80⁰C has the highest and lowest compression 
modulus. 
 
Figure 7.13 Variation of through-thickness compression modulus of pressboard at different 
conditions with winding prestress level (DRY – 0.5% moisture, MC2 – 4% moisture). 
According to Figure 7.13, stiffness of pressboard is directly proportional to pbE . Therefore, as 
illustrated in Figure 7.14, stiffness of the pressboard parts (spacers) is also moisture, 
temperature and ageing dependent. As a result, dry un-aged pressboard parts at low-
temperature levels are significantly stiffer than that of wet, aged pressboard parts at higher 
temperature levels.  
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Figure 7.14 Variation of the stiffness of key spacers correspond to pressboard condition with 
compression stress (DRY – 0.5% moisture, MC2 – 4% moisture). 
 Pressboard condition vs axial vibration characteristics of the transformer winding 
To investigate the correlation between axial vibration characteristics of the test transformer 
winding and insulation condition, data presented in Figure 7.13 was used. First, the influence 
of temperature, moisture content and ageing level of pressboard on FRF was studied keeping 
the winding clamping pressure at a constant level (5MPa). Then the combined effect of changes 
in insulation condition and related changes in winding clamping pressure on FRFs were 
calculated.  
a) Part 1: Influence of pressboard condition on axial vibration characteristics 
of the test transformer under constant winding clamping pressure  
First, pbE of pressboard samples under different pressboard conditions under a compressive 
stress of 5 MPa were calculated from the test data presented in Figure 7.13. From the data it 
can be seen that pbE tends to decrease with temperature rise, ageing of pressboard and moisture 
ingress. As a result, dry un-aged pressboard at 20⁰C and 4% moisture and aged pressboard at 
80⁰C have the highest and lowest pbE values respectively. The calculated pbE values were then 
used to calculate the FRFs of the axial vibration model of the test transformer winding which 
are illustrated in Figure 7.15. 
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Table 7.4 pbE corresponding to different pressboard conditions at 5 MPa  
 
 
Figure 7.15 FRFs of the test transformer winding correspond to different pressboard 
conditions under a constant winding clamping pressure of 5 MPa. 
The calculated FRFs of the transformer model clearly demonstrate that vibration characteristics 
of the test transformer winding are sensitive to transformer operating parameters. Data 
presented in Figure 7.15 clearly demonstrates that the frequencies of the resonant peaks 
decrease with an increase of all the operating parameters i.e. temperature, moisture content and 
ageing time.  Further, the variations in the frequencies of the low-frequency resonant peaks 
with changing operating parameters are lower than those of the high-frequency resonant peaks. 
For example, the difference between the frequencies of the 1st and 6th resonant peaks of FRFs 
corresponding to un-aged pressboard at 20⁰C and 80⁰C are 5 Hz and 43 Hz respectively. Similar 
behaviour in FRFs can be observed with ageing and moisture ingress as well. Further, the 
variations in the FRFs of un-aged pressboard with changing temperature are lower than those 
of the aged pressboard. On the other hand, the temperature sensitivity of the frequencies of the 
resonant peaks decreased with the moisture ingress.  For example, the difference between the 
frequencies of the first resonant peak at 20⁰C and 80⁰C of FRFs corresponding to un-aged dry, 
un-aged wet, aged dry and aged wet pressboard are 11 Hz, 3 Hz, 31Hz, 5 Hz.  
b) Part 2: Combined effect of changing pressboard condition and winding 
clamping pressure on axial vibration characteristics of the test transformer 
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Variation of the FRFs of the axial vibration model of the test transformer winding is discussed 
in this section. For this purpose, FRFs of the test transformer at 1 MPa and 5 MPa winding 
clamping levels and different insulation conditions were calculated. Variations in both 
pressboard condition and winding clamping pressure were considered during FRF calculations.  
Variations in the calculated FRFs of the axial vibration model of the dry un-aged test 
transformer with temperature are illustrated in Figure 7.16. It should be noted that the 
temperature dependency of the power transformer winding clamping pressure is also 
considered when calculating the FRFs corresponding to each temperature level. As per the 
figure, for any clamping pressure level, FRFs at 20⁰C have the highest resonant frequencies. 
With the temperature rise from 20⁰C to 40⁰C resonant frequencies corresponding to both 1 
MPa and 5 MPa increased. When temperature increases from 40⁰C to 60⁰C, resonant 
frequencies decreased. Finally, the resonant peaks again increased with further temperature rise 
(60⁰C to 80⁰C).  
 
 
Figure 7.16 Variation of FRFs of the unaged dry test transformer winding at 1 MPa and 5 
MPa initial clamping pressure levels with increasing temperature. 
Based on the experimental results presented in Figure 4.13, compressibility of pressboard 
increases with increasing temperature. Figure 4.13 further revealed that the degree of thermal 
softening increased with increasing temperature. On the other hand, according to Figure 6.16 
winding clamping pressure increased with increasing temperature. Hence, based on the above 
facts, it can be stated that at low-temperature levels, the effect of thermal softening on FRFs 
was been overshadowed by the effect of increasing clamping pressure. Between 40⁰C and 
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60⁰C, the variations in the FRF are dominated by thermal softening. Finally, at higher 
temperature levels, the effect of increasing clamping pressure has again become dominant. 
Variations in the calculated FRFs of the axial vibration model of the wet (4% moisture) test 
transformer with temperature are illustrated in Figure 7.17. According to the FRFs, it can 
clearly be seen that resonant frequencies corresponding to both clamping pressure levels show 
a clear decreasing trend with increasing temperature. Therefore, it can be stated that the 
influence of increasing clamping pressure on FRFs of the wet winding is overshadowed by the 
increased thermal softening of pressboard.  
 
Figure 7.17 Variation of FRFs of the unaged wet (4% moisture) test transformer winding at 1 
MPa and 5 MPa clamping pressure levels with increasing temperature. 
Variations in the calculated FRFs of the axial vibration model of the aged (DP700), dry test 
transformer with temperature are illustrated in Figure 7.18. According to the figure, it can 
clearly be seen that the winding with aged pressboard has lower resonant frequencies than that 
of the un-aged winding. Figure 7.18 further reveals that the pure pressboard ageing (DP 1243 
to DP 700) has a negligible effect on the FRFs of the transformer winding. However, the 
decrease in the resonant frequencies due to 20⁰C to 80⁰C temperature rise is higher in the aged 
winding than the un-aged winding. 
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Figure 7.18 Natural frequencies of the dry (0.5% moisture) aged (DP 700) winding at 5 MPa 
initial clamping pressure at different temperature levels. 
The FRFs of the transformer winding calculated using the mathematical model revealed that, 
the vibration characteristics of transformer windings are sensitive to both winding clamping 
pressure and transformer operating parameters. In the case of dry, un-aged pressboard at low-
temperature, variations of the FRF with temperature rise is determined by its thermal softening 
behaviour. At high-temperature levels, temperature dependency of winding clamping pressure 
tends to overshadow the influence of thermal softening on FRFs. On the other hand, 
temperature dependency of the FRFs of the wet winding is decided by the thermal softening of 
pressboard. Finally, it was found that ageing tends to intensify the impact of temperature on 
the FRFs of the test transformer winding. In conclusion, it can be stated that on-load vibration 
characteristics of a power transformer winding are sensitive to transformer operating 
parameters. 
Apart from the theoretical investigations presented above, tank vibration characteristics of 
laboratory scale and substation transformers were measured. The data captured during the 
laboratory investigations were used to investigate the correlation between winding clamping 
pressure, temperature and tank vibration spectrum. Further, the knowledge gained from the 
laboratory and theoretical investigations were used to interpret the vibration spectrums of 
substation transformers. 
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 Laboratory Investigations 
 Measurement setup 
Laboratory investigations were carried out on a 50 kVA, 10kV/0.4kV 3 phase test transformer. 
Tank vibration signals of the energized transformer were measured using piezoelectric 
accelerometers with a sensitivity of 500mV/g and a bandwidth of 0-20kHz. Accelerometers 
were attached to the steel tank surface using magnetic mounting bases. Vibration signals were 
measured from 27 locations on the tank surface as shown in Figure 7.19.  
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Figure 7.19 Accelerometer locations on 50kVA 3 phase test transformer. 
Two types of tests, namely short circuit and no load were conducted during the laboratory 
investigations. During the short circuit test, the low voltage winding was short-circuited and 
the transformer was energized from the high voltage terminals. Tank vibration signals were 
recorded for 
a)  six different winding currents i.e. 2.5 A, 3 A, 3.5 A, 4 A, 4.5 A and 5 A  
b)  two winding clamping pressure levels. 
c) three temperature levels 20⁰C, 40⁰C and 50⁰C 
The winding clamping pressure was changed by varying the torque of the tie rods that connect 
the upper and lower clamping beams. The tie rod torque was changed to 1 Nm from the initial 
level (3 Nm) to obtain two clamping pressure levels. 
During the no-load test, the high voltage terminals were left open and the transformer was 
energized from the low voltage side. The source voltage was changed from 200V to 400V with 
40V steps and tank vibration signals at each voltage level were measured.  
 Vibration spectrum of tank surface during no load and short circuit tests 
Under short circuit conditions no voltage is built up in the windings. Hence, the core vibrations 
are negligible and the tank vibration spectrum is dominated by the electromagnetic forces 
generated within the winding structure. On the other hand, during the no-load test, 
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magnetostrictive core vibrations rule the tank vibration spectrum as the winding current is 
negligible. 
The vibration spectrum of the transformer tank captured from “location 5” of “side 1” of the 
test transformer during the short circuit test is shown in Figure 7.20. From the figure, it can be 
seen that the vibration spectrum is composed of a noticeably higher fundamental component at 
100 Hz and several other harmonic components at integer multiples of 100 Hz. Among the 
harmonic components, the 2nd and 4th harmonic components (200 Hz and 400 Hz) have the 
highest magnitudes. Further, the fundamental component increases with increasing winding 
current. No such clear variation was found in the higher order harmonic components with 
increasing winding current. 
 
Figure 7.20 Vibration spectrum of the test transformer captured from “location 5” of “side 1” 
at different winding currents during short circuit test. 
The relationship between winding current and the 100 Hz components of the vibration 
spectrums shown in Figure 7.20 is illustrated in Figure 7.21.  According to the figure, the 
magnitude of the 100 Hz component of the tank vibration spectrum is proportional to the square 
of the winding current; hence it satisfies 7.5. Further, as illustrated in Figure 7.22, the 100 Hz 
component of the vibration spectrums captured from “location 5” of all three sides linearly 
increase with increasing winding current. This confirms that the tank vibration spectrum 
contains information about the vibration characteristics of the winding assembly.  
0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)
0
0.05
0.1
0.15
0.2
0.25
0.3
A
cc
el
er
at
io
n(
m
/s
2
)
2.5A 3A 3.5A 4A 4.5A 5A
80 100 120
0
0.1
0.2
0.3
200 400 600 800 1000
0
0.005
0.01
 151 
 
 
Figure 7.21 Variation of the 100Hz component of the tank vibration signal with the square of 
winding current during short circuit test. 
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Figure 7.22 Variation of the fundamental component of tank vibration signal captured from 
centre of (a) side 1 (b) side 2 (c) side 3 of the test transformer during short circuit test. 
The vibration spectrums corresponding to six voltage levels captured from “location 5” of side 
1 of the tank during the no-load test are illustrated in Figure 7.23. From the figure, it can be 
seen that the no-load tank vibration spectrums also have a fundamental component at 100 Hz. 
The fundamental component increases with increasing voltage. Further, unlike the short circuit 
tank vibration spectrum, the no load spectrum has noticeable harmonic components at integer 
multiples of 100Hz. The magnitude of the harmonic components also increases with increasing 
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voltage. Further, from the data presented in Figures 7.20 and 7.23 it can also be observed that 
at rated conditions, the magnitude of the no-load vibration components are higher than that of 
the short circuit vibration components. 
 
Figure 7.23 Vibration spectrum of the test transformer captured from “location 5” of “side 1” 
at different voltage levels during no-load test. 
Variation of the magnitude of the 100 Hz component of the no-load vibration spectrum with 
the square of the supply voltage (V) is illustrated in Figure 7.24.  According to the figure, 
magnitude of the 100 Hz component of the no-load vibration spectrum captured from the test 
transformer does not show a linear relationship with the square of the winding current. 
However, according to existing literature, the no-load tank vibration signal is caused by the 
core vibration signals; hence the fundamental component is proportional to the square of the 
winding voltage [14, 52]. However, such behaviour is not visible in Figure 7.24.  
According to Figure 7.24, up to 1 m/s2 magnitude of the fundamental component of the 
vibration spectrum has linearly increased with V2. Above 1 m/s2, the relationship between the 
magnitude of the fundamental component of the tank vibration spectrum and V2 has become 
nonlinear. Hence, it can be assumed that the nonlinearity observed in Figure 7.24 is linked with 
the magnitude of the vibration components. Transformer tanks have nonlinear vibration 
characteristics that could alter the internal vibration signals [6, 145]. Therefore, it was assumed 
that the non-linearity observed in Figure 7.24 is likely caused by the response of the tank 
structure to the high magnitude vibration excitations. 
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Figure 7.24 Variation of the 100Hz component of the tank vibration signal with the square of 
winding voltage during no-load test. 
 Influence of sensor location on vibration measurements 
Vibration spectrums of the transformer tank captured from different sensor locations during 
the short circuit test at rated current (5A) are illustrated in Figures 7.25, 7.26 and 7.27. 
According to the figures, it can be seen that vibration spectrums corresponding to different 
sensor locations are different from each other. For example, in side 1, vibration spectrums 
corresponding to locations 2 and 4 have the highest and lowest 100 Hz components 
respectively. On the other hand, in side 2, vibration spectrums corresponding to locations 4 and 
8 have the highest and lowest 100 Hz components respectively. In side 3, locations 7 and 4 
have the highest and lowest 100 Hz components respectively. 
 
Figure 7.25 Vibration spectrums captured from different sensor locations on side 1 of the 
tank surface. 
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Figure 7.26 Vibration spectrums captured from different sensor locations on side 2 of the 
tank surface. 
 
Figure 7.27 Vibration spectrums captured from different sensor locations on side 3 of the 
tank surface. 
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Figure 7.28 Sensor locations with highest (black) and lowest 100 Hz components (red). 
When considering the magnitude of higher order harmonic components, vibration spectrums 
corresponding to side 1 and 3 have noticeable 200 Hz components. On average, side 3 has the 
higher order harmonic components with the lowest magnitudes compared to the rest of the 
sides. However, unlike sides 1 and 3, the magnitude of the 200 Hz components of side 2 is in 
the same range as the 300, 400 and 500 Hz components. Hence, it can be stated that the 
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magnitude of the tank vibration spectrums is influenced by the structural features such as 
stiffeners and other components attached to the transformer tank. However, further 
investigations are required to explain the exact correlation between tank vibration signals and 
tank structure. 
 Winding clamping pressure and tank vibration spectrum 
When the transformer winding becomes loose, the freedom for movement of its winding discs 
increases. Hence, compared to a tight winding, the magnitude of the on-load vibration spectrum 
of a loosened winding should be higher. Further, as per section 7.5, resonant frequencies of the 
FRF of a transformer winding tend to increase with increasing winding clamping pressure. 
Hence, the changes in winding clamping pressure should be reflected in on-load tank vibration 
spectrums of power transformers. To investigate the correlation between the tank vibration 
spectrum and the winding clamping pressure, on-load vibration spectrums of the test 
transformer winding was measured under two different clamping pressure levels. During the 
measurements, low voltage terminals of the winding were short-circuited and rated current was 
applied to the high voltage winding.  The results of the investigation are presented in Figures 
7.30, 7.29 and 7.31. 
 
Figure 7.29  Fundamental component (100 Hz) of tank vibration captured from nine sensor 
locations of side 1 under different clamping pressure levels (a – vibration acceleration, f- 
frequency). 
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Figure 7.30 Fundamental component (100 Hz) of tank vibration captured from nine sensor 
locations of side 2 under different clamping pressure levels (a – vibration acceleration, f- 
frequency). 
 
 
Figure 7.31 Fundamental component (100 Hz) of tank vibration captured from nine sensor 
locations of side 3 under different clamping pressure levels (a – vibration acceleration, f- 
frequency). 
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According to Figures 7.29, 7.30 and 7.31, the magnitude of the fundamental component 
captured from the majority of the sensor locations has shown a decreasing trend with increasing 
clamping pressure. However, vibration spectrums captured from certain locations such as 
locations 2 to 9 of side 1 have shown an opposite trend. However, a correlation between a 
change in the magnitude of the 100Hz component and changes in winding clamping pressure 
was not visible in the data. 
Higher order harmonic components (200 Hz to 1000 Hz) of the tank vibration spectrum 
captured from the three sides of the test transformer tank are illustrated in Figures 7.32, 7.33 
and 7.34. According to the figures, the magnitude of the higher order harmonic components 
captured from “side 1” and “side 2” (Figures 7.32 and 7.33) have shown an increasing trend 
with decreasing winding clamping pressure. In contrast, a clear correlation between winding 
clamping pressure and magnitude of the harmonic components is not visible in the vibration 
spectrums captured from side 3. 
 
Figure 7.32 200 Hz – 1000 Hz tank vibration spectrum of side 1 of the test transformer under 
different clamping pressure (a – vibration acceleration, f- frequency). 
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Figure 7.33 200 Hz – 1000 Hz tank vibration spectrum of side 2 of the test transformer under 
different clamping pressure (a – vibration acceleration, f- frequency).  
 
 
Figure 7.34 200 Hz – 1000 Hz tank vibration spectrum of side 3 of the test transformer under 
different clamping pressure (a – vibration acceleration, f- frequency). 
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clamped windings having higher magnitudes than those of the tightly clamped transformer. 
However, it was further realised that vibration characteristics of the tank could overshadow the 
clamping pressure dependency of the tank vibration spectrum.  
 Temperature and tank vibration spectrum 
The fundamental component of the tank vibration spectrum of the test transformer captured 
from different sensor locations at 20⁰C, 40⁰C and 50⁰C are illustrated in Figures 7.35, 7.36 and 
7.37 respectively. According to the figures, the magnitude of the fundamental component of 
the tank vibration spectrum shows a decreasing trend with increasing temperature.  
 
 
Figure 7.35 Fundamental component of the tank vibration spectrum of side 1 under different 
temperature levels (a – vibration acceleration, f- frequency). 
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Figure 7.36 Fundamental component of the tank vibration spectrum of side 2 under different 
temperature levels (a – vibration acceleration, f- frequency). 
 
Figure 7.37 Fundamental component of the tank vibration spectrum of side 3 under different 
temperature levels (a – vibration acceleration, f- frequency). 
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according to Section 7.6.2, temperature dependent changes in winding clamping pressure 
decides the temperature dependency of the FRFs of the transformer winding structure. Thus, 
the temperature dependency of the tank vibration spectrum observed in Figures 7.35, 7.36 and 
7.37 is explained. 
 Field Measurements 
 Measurement setup 
During field measurements, on-load tank vibration spectrums of substation transformers (T1, 
T2, T3 and T4) listed in Table 7.5 were measured. Among the four transformers, T1 and T3 
are sister units of T2 and T4 respectively. During the vibration measurements, substation 
transformers were at operating conditions listed in Table 7.6. 
Table 7.5 details of substation transformers used for vibration measurements  
 Year of manufacture Power rating voltage 
T1 1981 200 MVA 275 kV/110 kV 
T2 1981 200 MVA 275 kV/110 kV 
T3 1997 80 MVA 110 kV/33 kV 
T4 1997 80 MVA 110 kV/33 kV 
 
Table 7.6 Operating conditions of T1, T2, T3 and T4 during vibration measurements 
 Voltage (kV) Current (A) Power (MVA) Winding Temperature (⁰C) 
T1 (LV side) 115.2 331.2 65.5 50.2 
T2 (LV side) 114.8 321.8 63.3 49.3 
T3 (HV side) 114 60.1 11.3 45 
T4 (HV side) 113.8 70.3 12.2 46.6 
The measurement system illustrated in Figure 7.38 was used for vibration data acquisition and 
storage. The measurement system is composed of an accelerometer with a sensitivity of 
500mV/g and a bandwidth of 1.5 Hz – 5 kHz, power supply with a signal amplifier (10X and 
100X amplification) and an oscilloscope for data monitoring and storage. The accelerometers 
were attached to three locations i.e. Ph1, Ph2 and Ph3 on the transformer tank close to each 
limb as illustrated in Figure 7.39. In T1 and T2, vibration spectrums were measured from the 
low voltage (LV) side. Due to space constraints in the substation, vibration spectrums of T3 
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and T4 were measured from the high voltage (HV) side. The accelerometers were attached to 
the tank surface using magnetic mounting bases. 
 
Figure 7.38 Data acquisition system used for tank vibration measurement of substation 
transformers. 
 
Figure 7.39 Sensor locations on the substation transformer tank (a) top view (b) side view. 
 Result analysis 
According to the results of laboratory investigations, the vibration characteristic of the tank has 
a significant impact on the tank vibration spectrum. Hence, without knowing the exact vibration 
characteristics of the tank, vibration spectrums captured from different locations on a tank 
surface cannot be compared with each other. However, being two pairs of sister units, vibration 
spectrums of T1 and T2 captured from similar locations on their tanks can be compared. The 
above argument is valid for T3 and T4 as well.  
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As listed in Table 7.6, both T1 and T2 were at similar operating conditions during vibration 
measurements. Therefore, considering the similarities in operating conditions, internal 
geometry and sensor locations one can expect that vibration spectrums corresponding to Ph1, 
Ph2 and Ph3 of T1 are comparable to that of Ph1, Ph2 and Ph3 of T2 respectively. On the other 
hand, the operating current of T4 is about 10A higher than T4. Therefore, as per the laboratory 
investigations, the magnitude of the fundamental component of the vibration spectrum of T4 
should be higher than that of T3. However, the above assumptions are valid only if none of the 
transformers has a faulty core or winding clamping structures. 
Figure 7.40 compares the tank vibration spectrums of T1 and T2.  According to the data, 
vibration spectrums of T1 and T2 are not comparable as expected. Overall vibration magnitude 
of T1 is significantly higher than that of T2. For example, the highest magnitude in the tank 
vibration spectrums corresponding to Ph1, Ph2 and Ph3 of T1 are 1.44, 1.21 and 0.757 
respectively. In contrast, the highest magnitude in the vibration spectrums corresponding to 
Ph1, Ph2 and Ph3 of T2 are 0.48, 0.537 and 0.26 respectively. Moreover, only the vibration 
spectrum captured from Ph3 of T2 has the largest frequency component at 100 Hz. In all other 
vibration spectrums in Figure 7.40, the largest frequency component is at either 300 Hz or 400 
Hz. As listed in Table 7.7, except in the vibration spectrum corresponding to Ph2, the 100 Hz 
component of vibration spectrums of T2 have higher magnitudes than that of T1. At Ph2, 100 
Hz component of T1 is higher than T2.  
Both T1 and T2 have been in service for 36 years. Based on the service life, both transformers 
may have weak clamping systems. Further, laboratory investigations presented in Section 7.7.2 
revealed that core vibrations of a transformer have more higher order harmonic components 
compared to winding vibrations. Further, as per the results presented in Section 7.7.4, the 
magnitude of the 100 Hz component increases with decreasing winding clamping pressure.  
Hence, considering the service life of the transformers and the knowledge gained from 
laboratory investigations, it is highly likely that that the winding clamping system of T2 is 
looser than that of T1 and the core clamping of T1 is looser than that of T2. 
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Figure 7.40 Tank vibration spectrums of T1 and T2. 
 
Table 7.7 Magnitude of the 100 Hz component of the vibration spectrums (in ms-2) of T1 and 
T2 
Sensor location T1 T2 
Ph1 0.142 0.230 
Ph2 0.119 0.069 
Ph3 0.064 0.256 
 
Vibration spectrums of T3 and T4 are shown in Figure 7.41. Based on the figure, regardless of 
load difference, the magnitudes of the vibration spectrums of both T3 and T4 are in a similar 
range.  However, the vibration spectrums of T3 have many more noticeable harmonic 
components than the vibration spectrums of T4. Table 7.8 presents the magnitude of the 100 
Hz component of the vibration spectrums of T3 and T4. Based on the data listed in Table 7.8, 
except in the vibration spectrum of Ph1 of T4, the magnitude of the 100Hz component of all 
other spectrums are in the range 0.27 – 0.43.  
The service life of T3 and T4 is 20 years. Furthermore, due to the fact that the vibration 
spectrum of T3 has more higher order harmonic components, it can be predicted that the core 
clamping system of T3 is looser than the core clamping of T4. Finally, based on the magnitude 
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of the 100 Hz component it is probable that the winding closer to the sensor location Ph1 of T3 
is looser than the other two windings.  
 
Figure 7.41 Tank vibration spectrums of T3 and T4. 
Table 7.8  Magnitude of the fundamental component (100 Hz) of the vibration spectrums of 
T3 and T4 
Sensor location  T3 (ms-2) T4 (ms-2) 
Ph1 0.031 0.160 
Ph2 0.038 0.039 
Ph3 0.043 0.027 
 Summary 
This chapter investigates the factors that influence the tank vibration spectrum of a power 
transformer through mathematical modelling and laboratory investigations and finally 
validating some field transformer measurements. Spring-mass representation of the 
transformer winding based mathematical modelling revealed that axial vibration characteristics 
of a disc type winding is correlated to its clamping pressure, moisture content, temperature and 
ageing level of the solid insulation. Further, the resonant frequencies of the frequency response 
functions (FRF) of a transformer winding show a decreasing trend with both decreasing 
winding clamping pressure and softening of pressboard. It was further found that variations in 
the vibration characteristics of un-aged windings operating at lower temperature levels due to 
the temperature fluctuations are decided by the changes in winding clamping pressure. 
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However, in the windings at higher operating temperature levels, or with higher moisture and 
ageing levels, temperature dependency of the vibration characteristics is decided by the thermal 
softening of pressboard. 
 The results of laboratory investigations revealed that the tank vibration spectrum of an 
energized power transformer is correlated to the vibrations generated in the core-winding 
structure. Further, magnitude of the fundamental component (100 Hz) of the tank vibration 
spectrum showed a decreasing trend with increasing winding clamping pressure and 
temperature. It was further identified that the vibration characteristics of the tank could 
overshadow the clamping pressure dependency of the tank vibration spectrum. Finally, the 
knowledge gained through mathematical modelling and laboratory investigations was used to 
evaluate the condition of four substation transformers through their on-load tank vibration 
spectrums. Next chapter will outline the main conclusions obtained from this research and will 
also recommend some future work that was not possible to conduct during this PhD 
candidature.
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Conclusions and Recommendation for Future 
Research 
 General 
This thesis provides a comprehensive understanding of the dynamic nature of the clamping 
pressure of a power transformer winding under typical operating conditions. The critical and 
widespread literature review conducted in this research revealed that assessing the health of a 
transformer winding clamping system, which is directly linked to the short-circuit withstand 
capability, of field aged power transformers is a research topic with utmost importance. 
However, the present understanding on dynamic behaviour of winding clamping pressure is 
not adequate to develop a reliable condition assessment technique to detect loose clamping 
conditions of transformers. To reduce this knowledge gap, winding clamping pressure 
fluctuations of an operating power transformer have been extensively studied through a series 
of controlled laboratory experiments and finite element based simulations. Moreover, the 
vibration characteristics of an energised power transformer have been comprehensively 
analysed through numerical modelling, laboratory experiments and field measurements to 
investigate the applicability of such measurements to identify loose clamping conditions. 
The compressive stress-strain measurements conducted on pressboard samples with well-
defined moisture, temperature and ageing levels revealed that their compressibility is highly 
moisture, temperature and ageing dependent. Further, the material testing results revealed that 
compressibility of pressboard increases (softening) with increasing moisture content, ageing 
level and temperature. The test results further revealed that the thickness of pressboard parts 
increases (swelling) with temperature rise and moisture ingress to the pressboard. Temperature 
is the most dynamic parameter in an operating transformer. Hence, the temperature dependency 
of the compressibility of pressboard, which were under different moisture contents and ageing 
levels were studied. Through-thickness compressive stress-strain curves revealed that thermal 
softening of pressboard increases with an increase of both moisture content and ageing level. 
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Breakage of inter-polymer hydrogen bonds and moisture dependence of the glass transition 
and other second order transition temperatures were proposed as possible causes for the 
observed stress-strain behaviour of pressboard. 
An empirical model was developed to estimate the through-thickness compressive stress-strain 
curves of pressboard corresponding to any given combination of moisture, temperature and 
ageing level that could occur in a typical transformer operating environment. Through k-fold 
cross-validation, it was found that the developed model is capable of estimating the 
compressive stress-strain curves of pressboard parts under typical operating conditions. The 
highest and lowest normalised mean square error values found during the cross validation were 
0.9225 and 0.2014 respectively. Hence, the model can be used to characterise the stress-strain 
behaviour of pressboard when modelling the mechanical stresses in transformer winding 
structures under various operating conditions. 
A gasket material model that can be characterised using experimental stress-strain data was 
proposed for simulating the compression behaviour of pressboard parts. 
FEM based simulations were developed for comprehensive analysis of the stress-strain 
behaviour of the winding structure under dynamic operating conditions. Laboratory 
experiments revealed that the proposed material model is capable of simulating the through-
thickness compressive stress-strain behaviour of pressboard accurately. Experimental modal 
analysis revealed that the developed simplified FE model of the disc type transformer winding 
can accurately simulate the structural characteristics of the test transformer winding. Moreover, 
laboratory investigations also revealed that the FEM simulations are in good agreement with 
the experimental results. 
FEM base simulations revealed that the winding clamping pressure of an energized power 
transformer is sensitive to changes in winding temperature, moisture content and ageing level 
of pressboard. Winding clamping pressure gradually decreases with pressboard ageing and 
increases with moisture ingress to the pressboard. Moreover, it was found that moisture 
absorption tends to overshadow the effect of ageing on winding clamping pressure when both 
ageing and moisture ingress occur simultaneously. On the other hand, simulation results 
revealed that the winding clamping pressure increases with increasing temperature. The 
temperature dependency of winding clamping pressure is sensitive to moisture content, ageing 
level and winding pre-stress level. At low moisture, ageing and winding pre-stress levels, 
winding clamping pressure linearly increases with increasing temperature.  At higher ageing, 
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moisture and winding pre-stress levels, up to a certain temperature, winding clamping pressure 
increases with increasing temperature. Then, with further increase of temperature, winding 
clamping pressure starts decreasing. Moreover, it was found that the temperature corresponding 
to the turning point at which the winding clamping pressure starts to decrease also decreases 
with increasing moisture content. The turning point temperature of aged (DP 700) dry (0.5% 
moisture) windings at 5MPa pre-stress level is around 60°C. For aged (DP 520), wet (4% 
moisture) windings at 5 MPa pre-stress level the turning point temperature is around 40°C.   
A spring-mass damper model that can be used to study the influence of clamping pressure and 
transformer operating conditions on axial vibration characteristics of a disc type transformer 
winding was proposed. The above model revealed that the axial vibration characteristics of the 
100kVA test transformer winding was moisture, temperature, ageing and clamping pressure 
dependent. Further it was found that the effect of pressboard ageing on the frequency response 
functions (FRF) is negligible.  However, the resonant frequencies of the FRF showed an 
increasing trend with increasing clamping pressure. With the softening of pressboard, resonant 
frequencies showed a decreasing trend. It was further found that compared to low resonant 
frequencies, high resonant frequencies are more sensitive to changes in transformer operating 
conditions.  It was found that in the case of a dry, un-aged winding at low-temperature, 
temperature dependency of the FRFs were determined by the thermal softening of pressboard. 
At high-temperature levels, the influence of thermal softening on FRFs is overshadowed by the 
temperature dependency of winding clamping pressure. On the other hand, the temperature 
dependency of the FRFs of the wet winding is also determined by the thermal softening of 
pressboard.  
The laboratory investigations on the test transformer winding revealed that the tank vibration 
spectrum of an energised transformer contains useful information about the vibration 
characteristics of the winding structure. A typical tank vibration spectrum of an energised 
transformer has several frequency components at integer multiples of 100Hz. The magnitude 
of the 100Hz component showed a decreasing trend with increasing winding clamping 
pressure. Further, in the considered test transformer, the 100Hz component of the tank vibration 
spectrum showed a decreasing trend with increasing temperature. Therefore, it was assumed 
that the temperature dependency of winding clamping pressure has caused the above changes 
in the tank vibration spectrum. Further, it was also found that the vibration spectrum of a tank 
could significantly alter the actual vibration spectrum of the winding assembly; hence, in 
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certain locations of the tank, the vibration spectrum of the steel tank completely overshadows 
the clamping pressure and temperature dependency of tank vibration spectrums.  
 Main Findings and Contributions 
 Moisture, and ageing dependency of thermal softening of pressboard  
Temperature is the most dynamic parameter in an operating transformer. Due to the breakage 
of inter-polymer hydrogen bonds, the compressibility of pressboard increases with increasing 
temperature. Further, due to moisture dependency of the glass transition and other second order 
transition temperatures, moisture ingress intensifies the thermal softening of pressboard. 
Similarly, due to the breakage of hydrogen bonds, ageing of pressboard also intensifies the 
thermal softening of pressboard.  The temperature sensitivity of pressboard compressibility 
increases with increasing temperature. Hence, pressboard parts in an aged, wet winding 
operating at higher temperature are softer than that of an un-aged, dry winding operating at low 
temperature levels. 
 Simplified pressboard material model for simulating the pressboard parts in a 
transformer winding clamping system, 
Pressboard is a material with nonlinear compressive stress-strain behaviour. Further, it is an 
anisotropic material with almost zero Poisson’s ratio in the through-thickness direction. On the 
other hand, pressboard parts in a transformer winding mainly experience compressive forces. 
Hence, a material model that neglects shear and in-plane deformations can be used when 
simulating the pressboard parts in a transformer winding clamping system. As a result, a 
material model such as gasket material model, which can be characterised using experimental 
compressive stress-strain data, can be used to simulate the through-thickness deformations of 
pressboard in a transformer winding structure.   
  Dynamic behaviour of winding clamping pressure of an operating power transformer 
Clamping pressure of a transformer winding generated by a static clamping system is directly 
linked to the changes in mechanical properties and thickness of pressboard parts such as spacers 
and clamping rings. Hence, winding clamping pressure is moisture, temperature and ageing 
dependent. In a real transformer, winding clamping pressure tends to change with frequent 
changes in winding temperature. Winding clamping pressure shows an increasing trend with 
increasing temperature. Further, temperature dependency of winding clamping pressure is 
moisture and ageing dependent. Temperature sensitivity of winding clamping pressure 
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increases with increasing winding pre-stress level and operating temperature. Winding 
clamping pressure of dry, un-aged windings at low pre-stress levels tends to increase with 
increasing temperature. In aged windings, clamping pressure increases with increasing 
temperature up to about 60⁰C and then starts decreasing. With moisture ingress, the above 
turning point temperature drops to about 40⁰C (at 4% moisture) 
 Parameters influencing the vibration characteristics of a power transformer winding 
structure 
Axial vibration characteristics of a disc type transformer winding are sensitive to changes in 
winding clamping pressure. Resonant frequencies of the FRFs of the winding structure tend to 
increase with increasing winding clamping pressure. Compared to low resonant frequencies, 
high resonant frequencies are more sensitive to changes in winding clamping pressure. 
Vibration characteristics of a transformer winding are also sensitive to changes in temperature, 
moisture content and ageing level of pressboard. With the softening of pressboard, resonant 
frequencies of the FRFs tend to decrease. In dry, un-aged and loosely clamped windings 
operating at low temperature levels, resonant frequencies tend to decrease with increasing 
temperature. However, in wet, aged and tightly clamped transformer windings operating at 
higher temperature levels, resonant frequencies tend to increase with increasing temperature.  
 Guide to conducting tank vibration measurements for assessing the structural health 
of a transformer winding 
The tank vibration spectrum of an energised power transformer can be used to extract 
information on the structural health (mainly winding clamping pressure) of its winding 
assembly. Further, the vibration spectrum of the tank significantly alters the vibration spectrum 
of the winding assembly. Dynamic operating conditions of a power transformer also alter not 
only winding clamping pressure, but also the vibration characteristics of the winding structure. 
Therefore, to minimize the effect of the above facts on the accuracy of tank vibration 
measurement based condition assessment techniques, it is recommended that, 
a) tank vibration spectrums should be captured from several locations of the tank surface 
to avoid erroneous conclusions about the health of the winding camping system. 
b)  due to the nonlinear vibration characteristics of even symmetrical tanks, tank vibration 
spectrums captured closer to individual phase windings may not be suitable for 
assessing the condition of the individual phase windings.  
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c) for effective condition assessment, tank vibration spectrums should be captured from 
the same location during every vibration measurement.  
d) for individual transformers, trend analysis should be used while evaluating structural 
health using vibro-acoustic tests. 
e) when past data is absent, tank vibration spectrums captured from the same location of 
sister units can be compared with each other.  
f) it is highly recommended to conduct vibro-acoustic tests on energized power 
transformers that are operating at low temperature levels to minimise the errors caused 
by the moisture, temperature and ageing dependency of vibration characteristics of the 
winding structure.  
 Future works 
Based on the findings of this research project, a number of recommendations for future research 
can be proposed as below: 
 Effect of cyclic thermal loading on progressive loss of transformer winding clamping 
pressure 
Laboratory investigations and FEM simulations presented in this thesis revealed that power 
transformer winding clamping pressure is highly temperature dependent. With an increase in 
temperature, winding clamping pressure increases generating additional stresses on the 
winding pressboard parts in the winding structure. Further, the above changes are moisture and 
ageing dependent. Due to cyclic loading of a typical power transformer, transformer windings 
experience cyclic temperature loadings. Hence, it can be expected the pressboard parts in a 
transformer winding structure experience compressive load cycles throughout the transformer 
lifetime. The laboratory investigations presented in Chapter 4 revealed that the unloading curve 
of the compressive stress-strain curves of pressboard have a residual strain component, which 
have a negative impact on winding clamping pressure. Therefore, cyclic thermal loading could 
contribute to the progressive loss of winding clamping pressure. Thus, it is recommended to 
study the effect of cyclic thermal loading on progressive loss of transformer winding clamping 
pressure. 
 Study the influence of moisture and ageing on glass transition temperature, second 
order transition temperatures and thermal expansion coefficient of high density 
pressboard.  
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This research hypothesis that the glass transition temperature and second order transition 
temperatures are the root cause behind the moisture and ageing dependency of thermal 
softening of pressboard. Even though existing literature have discussed the behaviour of glass 
transition temperature and second order transition temperatures of cellulose, none of them have 
discussed the behaviour of glass transition temperature and second order transition 
temperatures of high density cellulose products such as pressboard. To confirm this hypothesis, 
this thesis proposes to study the moisture and ageing dependency of glass transition 
temperature and second order transition temperatures on pressboard. 
In the FEM simulation presented in this thesis, moisture, temperature and ageing dependency 
of the thermal expansion coefficient of pressboard has been neglected. However, based on the 
existing literature, the thermal expansion coefficient of low density pressboard products is 
moisture, temperature and ageing dependent. Hence, to improve the accuracy of the FEM 
simulations, this thesis proposes to conduct a comprehensive investigation on the moisture, 
temperature and ageing dependency of the thermal expansion coefficient of pressboard. 
 Coupled electromagnetic - mechanical – acoustic FEM modelling of transformers 
In this research project, possible fluctuations in winding clamping pressure of an operating 
transformer were investigated through comprehensive laboratory investigations and FEM 
modelling based simulations. The effect of dynamic behaviour of winding clamping pressure 
on the vibration characteristics of a disc type transformer winding was analysed through 
numerical modelling. To make the above analysis more realistic, this thesis proposes to conduct 
a coupled electromagnetic-mechanical-acoustic FEM simulation. Further, it is recommended 
to consider the temperature gradient between top and bottom ends of the winding and thermally 
driven moisture distribution of a transformer winding for more accurate results. 
 Application of cepstrum analysis in transformer condition monitoring 
The tank vibration spectrum of an energised power transformer is the convolution between 
vibration characteristics of the tank and core-winding assembly. Experimental results revealed 
that the vibration spectrum of the tank has a significant impact on the correlation between 
clamping pressure and temperature dependency of the winding vibration spectrum. Hence, for 
accurate estimation of the winding clamping pressure through tank vibration spectrums, 
vibration spectrums of the tank and core-winding structure need to be separated. 
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A human speech is the convolution between glottal excitation and vocal track spectrum. 
Cepstrum analysis is a deconvolution technique widely used in speech processing for extracting 
the vibration spectrum of the vocal track from audible speech signals. Considering the 
similarity between human speech and transformer tank vibrations, it is proposed to conduct a 
comprehensive analysis to assess the applicability of cepstrum analysis for separating the 
vibration spectrums of tank and core-winding assembly.   
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